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ABSTRACT

Failure data from 16 commercial spacecraft were analyzed to evalu-
ate failure trends, reliability growth, and effectiveness of tests. The study
showed that the test programs were highly effective in ensuring a high level
of in-orbit reliability. There was only a single catastrophic problem in
44 years of in-orbit operation on 12 spacecraft, The results also indicate
that in-orbit failure rates are highly correlated with unit and systems test
failure rates. The data suggest that test effectiveness estimates could be
used to guide the content of a test program to ensure that in-orbit reliability
goals are achieved, Cost considerations sugpest that an aggressive correc-
tive action program to achieve a near-zero failure rate for all testing should
be implemented

The unit and systems level qualification tests were found to be
marginally effective in detecting design deficiencies. Systems level vibra-
tion is an effective qualification test, Systems level tests are more effective
for qualification than for acceptance. Most vibration problems are detected
during qualification tests or daring unit acceptance, System acceptance
thermal tests were marginally effective, probably because of deficiencies in

test technique, Mast the rmal vacuum test failures are detected in the first
60 hours of testing.

Test effectiveness models can be used at unit and systems lev.! to
estimate the defective population and to predict in-orbit or systems test
performance. The in-orbit cumulative failure rate has a constant slope
which implies a constant test effectiveness. The in-orbit failure rates
generally decrease with successive numbers of a spacecralt series, thus
indicating reliability growth, The systems test and in-orbit cumulative
failure rate data cannot pe accurately combined into a single Duane plet
because the slopes are generally different,

The consequences of an in-orbit critical failure do not permit reduced
testing, The test program should be considered insurance, The most cost
effective program is one in which a near-zero failure rate is achicved through
aggressive corrective action, A continuing effort is warranted to measure
and improve the sc reening effectiveness of each test,
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2. APPROACH

\ All failure reports [or three commercisl spacecraft programs (16

.- spacecraft) have been reviewed, categorized, and analyzed. These data
include in-house Trouble and Failure Reports {(TFRs), International Failure
Reports (IFRs), and in-orbit problems as reported by customers, For
simplicity, each event shall herein be referred to as a failure report, or
FR., even though it should be noted that each FR does not necessarily repre-
sent a failure, since anomalies, problems, intermittents, wear-out, and
failures were all reported on the FRas, :

A total of 1991 FRs and 90 orbit reports were corrected and coded,
Each FR was described on an 80 column format with 27 discrete pieces
information. Where missing or coatradicting information existed, altern.:e
sources (e.g., spacecraft logs) were utilized to correct and/or complete the
data. The description of the information codes eatered in each column is
provided for reference in Appendix A,

Each of the 2081 data points was then evaluated in a bulk data analysie,
Various sorting and cross sorting provided information about overall test
performance and apecific problem areas. The test time to failure was
estimated for each of the systems test and in-orbit FRs. The thermal
vacuum test time to failure data were abtained directly from the respective
spacecraft log books.

The above data were used for the Duane analysis where the Systems
Test and in~orbit Duane plots were calculated for each spacecraft. The linear
regression coefficients were estimated, using the logs)g of the cumulative
failure rates and test times. The combined systems test and in-orbit cum-
ulative failure rates were also plotted for individual spacecraft.

The test effectiveness for speciflic test phases of initial-ambient,
vibration, and thermal vacuum, at both unit and systems test levels, was
evaluated in accordance with the Timmins Test Effectiveness Equation. The
test effectiveness of the entire unit and systems test program was also
evaluated, [In addition, the ability ol the qualification and early production
tests to detect design problems was analysed, The use of test effcctivencss
as a reliability predictioa technique was developed, The attributes of a cost
effective test plan were developed,

2-1
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3. FAILURE DATA BASE

I

. 3.1 DATA BASE SUMMARY

The failures and anomalies which commprige the data base are
i distributed through the various test and in-orbit phases of three commercial !
o programs. The quantities of spacecraft for each praogram are summarized

in Table 3-1, The relative scheduling of these programs is shown in
Figure 3.1,

Program | consisted of two separate contracts., The first (A) was
for a prototype and four ilight spacecraft and the second (B) was for four
additional flight spacecraft. Of the seven spacecraft successfully launched,
six are still in service and have accumulated cver 28. 6 vears of orbital
life. The one orbital failure occcurred in the payload subsystern of the
second flight epacecraft (F~2), and resulted in a degradation of performance
to unacceptable levels for comme reial communications traffic. Program 2
was essentially a scaled dcwn version of Program [, both in payload and
size, It utilized many of the same or similar units, although it introduced

.. some new payload ccacepts, All three flight spacecraft were successfully
launched and are in service. Program 3 was a new contract atilizing the

[PRTY- S T

NAT, @it b W v

TABLE 3-1. PROGRAM SUMMARY
e ; _ e e

In-Orbit

Program Spacecraft Quantities Number 2 Years Remariis ."
[ Large communications payload ‘
Separate buy of same spacecraft

2 Frototype + three fiight 3 9.99 Scaled down version of Program 1

3 Three flight + one payload 2 5.27 Follow-on contract to Peagram 2
- shelf

Totai for all Two prototype 12 43.94 Average of 3-2/3 years per
Pragrams Fourteen flight spacecraft

1A Prototype + four flight 4 18.16
i 18 Four flight 3 10.52

One payload shert

"F-6 was launched but booster failed.
. ' *F-6 has not been launched, and the shelf has not been integrated to provide a spacecraft.

3-1
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same basic spacecraft as Program 2, Therefore, the three flight spacecraft
were considered equivalent to a follow-on buy and were sequentially num-
bered, beginning with F-4, No prototype spacecraft was fabricated or
tested for this program. A payload equipment shelf was additionally inte-
grated with its respective units. Only two of the spacecraft have heen
launched, and the shelf has not been integrated into a spacecraft, Both of
the launched spacecraft are in service,

The data base for this study includes all failure reports (FRs) gener-
ated on Program ! [rom its contractual start date through the last launch
(F-1). All FRs to date on Programs 2 and 3 are included. All orbit anomally
reports to date (March 1, 1977} by the respective customers are also included.
These reflect a total of almost 44 orbit years accumulated on the 12 space-
craft in orbit.

Because of the differcnces between programs in failure reporting
mcthods at the lower levels of assembly, data were counted, but not
analyzed, for FRs below unit leve)l., For this study, a unit was defined as
an identifiable (by serial number) piece, or pieces, of hardware which
were formally acceptance tested either by a vendor or by Hughes Aircraft,
These could and did include some major subassemblies which were
delivered and then integrated to form a larger assembly (unit) and
acceptance tested again prior to delivery to the spacecraft for integration.
An example of this was the high power traveling wave tube amplifier (TWTA)
unit, It consists of two major subassemblies: an electronic. power controller
and the iraveling wave tube. Each of these was acceptance tested and
delivered by the respective vendors and then integrated to form the TWTA
and acceptance tested again, Fach of these was coasidered to be a unit
for this study. Serial numbers of cach were tracked by the configuration
management systemn. Each subazsembly could be removed as a unit and
reintegrated to form a different unit as test and performance results
required,

To assess the relative complexity of each of the programs, Table 3-2
summarizes both th: types and quantities of units which comprised a given
flight gpacecraft. .he data are divided into eight different subsystems for
each spacecraft and the number of mechanical units is also identified for cach
subsystem. A normalization factor was calculated, based on number of
units per spacecraft, by using Program 1 as the reference. Another way to
compare the complexity of programs is through the use of electronics parts
count, Table 3.3 presents this data. It was concluded that values of 2,50
for Program 2 and 2. 44 for Program 3 should be used when data required
normalization for program to program comparisons. This was derived by
use of a weighted average using 3 for electronics parts complexity, 2 for
total units, and 1 for types of units,

All FRs were divided into five distinct groups by hardware develop-
ment phase: subunit, unit, systems test, orbit, or not applicable. The
distinction between subunits and units has been previously discussed.
Systerns test level was defined to begin at delivery of units to the spaceccraft
and continue through launch of each spacecraft, including those tests por-
formerd at launch base. After review of cach FR, a small number were

3-3
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TABLE 3-2, UNIT TYPES AND QUANTITIES

Unit Types Program 1 Program 2 Program 3
Total unit types per spacecraft subsystem
Communications 42 g 2011 8( 2){V)
Antenna 12(111) &( 6} 5( 1}
Telemetry and command 35( 9) 3 1) 3 1)
Propulsion 10( 4) 5( 1) B 1)
Power 13 6 €
Structure 22( 6) 15( 3) 14 3)
Attitude control 7 1) 8 3) g 3)
Apogee kick motor 31 20 1) 2( 1)
Tutal 144(33) 62116} 55(16)
Total units per spacecraft subsystem
Communications 246 53t 1){2 53( 1){2)
Antenna 1817} 5{ 5} &{ 5)
Telemetry and command 62(10) 4( 1) 4( 1)
Propulsion 76(18)(3} 10{ 2} 10{ 2)
Power 26 21 21
Structural 26(11) 43( 34 | 4g( 34}
Attitude control 2( 3 12( 5) i3( 5)
Apogee kick motor 3 1} 201 2{ 1)
Total 468(60} 160(18) 154(18)
Normalization factor by unit types 1{reference) 277 262
Normalization factor by total units 1lreference) 312 304

Notes: ( ) = Number of mechanical units with no electronics or electrical hardware.
{1) Does not include 17 receiver unit parts that were included (tracked) on

Program 1

{2) Because of (1), 25 receiver units were not included

{3} Includes 42 tracked heater elements

{4) Includes 28 tracked temperature sensors

TABLE 3-3. ELECTRONIC PARTS COUNT PER SPACECRAFT

Program 1 Program 2 Program 3
Number of electronic parts 16,846 8,370 8,669
‘Normalization factor 1{reference) 2.01 197
3-4
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excluded from the data base for one of the following reasons: 1} it was not
written againgt spacecraft hardwarz (e. g., test equipment malfunction
which had ao effect on spacecraft hardware or the test program), 2) it was
a duplicate of another FR documenting the same problem but originating

in a different area, and/or 3) the original FR or copies of the FR could not
be found in the files-to-enable-coding.

A summary of total data base is presented in Table 3-4, The FRs
which form a basis for the analytical study are shown within the heavy line f
box. Table 3-5 presents the same data as a pe rcentage of the whole, by
program. Of interest is the increasing effectiveness of the subunit level
tests on each program with the systermns test level decrea sing and the unit
test level remaining relatively constant. This is probably the result of
both varying FR reporting criteria on ecach program and a learning process
whereby the subunit testing became more effective in screening problems.
The fact that so few FRs were present on Program 3 at syatems test level

TABLE 3.4. NUMERICAL SUMMARY OF BULK DATA

Level of FRs
Total FRs Systems Not*
Program Number of Spacecraft Reviewed | Subunit | Unit Test In-Orbit | Applicable
1 8 + prototype 1.426 286 721 263 68 88
2 3 + prototype 385 104 177 42 13 19
3 3 + shalf 300 a8 160 18 ] 15
Total 14 flight + 2 prototype + 1 shetf | 2,081 488 1.058 3 a0 122

*Includes duplicates, not spacecraft hardwars problems, ete.

TABLE 3-5. PERCENTAGE SUMMARY OF BULK DATA

a B o N Level of FRs
Total FRs % Systems il Not™

Program Number of Spacecraft Reviewed | Subunit Unit Test In-Orbit | Applicable

1 8 + prototype 100 20.0 £50.6 134 48 6.2

2 3 + prototype 100 29.3 49.9 118 a7 5.4

3 3+ shelf 100 327 533 6.0 3.0 5.0

Average | 14 flight +2 prototype + 1 shelf 100 235 50.8 155 43 590
. I -

“Includes duplicates, not spacecraft hardware problems, etc.




{18, and 6 of these were induced) requires further investigation. The higher
percentage of systems test level FRs on Program 1 is also a result of
smaller specification margins than those imposed on Programs 2 or 3.

As indicated in Table 3-4, there wzs a large difference in the number
of FRs between programs, with Program | having about twice as many FRs
per spacecraft as Program 3. However, normalized data based either on
electronic parts count or on hardware differences is less disparate. The
normalized data are summarized in Table 3-6. For the three spacecraft
programs, approximately one FR was generated for each 127 electroaic
parts. Note that the apparent low FR average of Programs 2 and 3 becomes
a high average when normalized on the basis of hardware differences., Nor-
malized FR rates must be used to rationally compare any two spacecraft
programs,

As discussed, many of the units utilized o each of the three pro-
grams were supnlied to Highes Aircraft Company by vendors which were
primarily international companies in France, Canada, Japan, England,

Italy, etc. Unit data were scparated {nto international and Hughes categories,
based nn the reporting activity. This was carried, as a subdivision of unit
FRs, through part of the bulk data analysis te determine any significant
differences in problem categories between the two methods of procurement,

A surnmary of the division is presented in Table 3-7.

TABLE 3.6, FAILURE REPORT RATES COMPARISON

Total Unit ‘ ) Normalized FR
Numter of | Systems, and | Electronic Parts FR Average Normalization Average per
Brograrn Spacecraft In-Orbit FRs per FR per Spacecraft Factor Spacecraft
] 8 + protntype” 1,140 1258 1341 1 {reference) 1344
2 3 + protocype” 251 118.7 7.7 2.50 179.25
3 3 + sheif* 202 148.4 52,7 244 140.79
Combinad | ~15.5 1,663 1271 102.7 1.67 17151
S P

“Each of these ¥ % of a spacecraft

TABLE 3-7. HUGHES VERSUS INTERNATIONAL
FAILURE REPORTS

' - Um’t}ahire Fl;parts' [
Program Hughes Internationat Total
1 348148) IS 1 72100}
2 63136) 11468 | 177(100)
3 18110} 4000 | 1soci00)
Toral 427(40 631(60) ‘_] 1,058(100 ]

*Percentage shown in parentheses

dn6
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3.2 FAILURE REPORT CATEGORIES

Twao basic breakdowns of the FRs were required to effectively
present and analyze the data. A distinction between FRs on the qualification
(prototype) and acceptance (flight) spacecraft was made to distinguish between
the-different test programs. The second breakdown was one of “importance* 1
for each of the twr data sets. A significant number (about 20 percent! of all
the FRs '"integration and/ar test" (I&T) induced. These were not the fault P
of the hardware, but were the result of human errors and required unit or
system rework. Some (abeut 11 percent) of all the FRs were secondary in i
nature, in that although FRs were :initiated, no resultant physical hardware
action was taken. A third distinction (about 1 percent! was made for FRs
initiated against hardware for an anomaly which could not be repeated. All
remaining FRs {about 68 percent) were zlassified as primary and were
included in the analysis data base, A summary of these several categories
is presented in Tabkles 3-8, 3-9, and 3-10 for iuternational units, [ughes
produced units, and systems level test FRs, respectively, for both quali-
fication and acceptance hardware,

-1

Essentially, all qualification hardware was produced at Hughes for
the two prolotype spacecraft. Tables 3-8 and 3-9 show that a significantly
higher num:er of secondary FRs were generated interaationally; 64 percent {
were for out-of-specification conditions with ao retest/rework required.
This is probably a result of the formal contractual interface between llnghes
and these subcontractors with regard to out-of-specification conditions.

Beth ITughes and international uunit test results showed that electrical
test erroxra caused about 41 percent of the I&T induced FRs, and clectrical
test overstress causcd another 24 percent. Hardware mishandling accounted
for an additional 12 percent. It is prebable that increasced cmphasis on test
procedures and safety practices, both electrical and mechanical, would have
been cost effective,

System test FKs are summarized in Table 3-10, A total of 31 per-
cent of all FRs on Programs i and 2 were against the prototype hardwarec,
The I&T induced failure rate remained about constant at 23 percent on all
programs ‘or prototype or flipht hardware. The susceptibility af Program |
to propulsion subsystem line heater damage is apparent. Ilardware handling
problems and electrical test errors were significant on all programs. The
small nunther of primary FRs at the systems level un Programs 2 and 3
makes significant analysis difficult, ITowever, the fact that the sample
size is so small is a credit to the effectiveness of the subunit and unit test
programs. The reduction in sccondary out-of-specification and test error
problems on Programs 2 and 3, relative to Program 1, probably reflects
more mature systems test procedures and specifications requirsments as
a resuit of experience gained on the first program. It should he noted that
the systemns test teams were derived from the same organization on all three
programs,
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TABLE 3-8. FAILURE REPORT CATEGORIES - INTERNATIONAL UNITS

e T D TeEEE

—
O AR R PR ), JF

Program*
FR Type 1 2 3 ﬁ;";":l P
Qualification IAceemance Qualification | Accaptance [Acceptance | Programs 1
Tatais 373 T4 144 63t |
Qualification/acceptance 2(1) 371(99) 2(2) 112(98) 144 oo
breakdown .
Less secondary 0 28(7) 0 36i3N 42(29) 1 102{18)
Less |&T induced 1{50) 82417) 0 12011} 25{17} | 10D{16)
Less anomalies 0 L+ 0 4] 0 1]
Tousl primary 1{50) 28401 20100) 65(58) THB4) | 422(88)
Secondary reasons
Qut of spec/OK 20 17 28 65(84)
Meas tech/No retest 0 ? 4 11{11)
Test aquip/No retast 1 5 i 77
Mfg errar/multiples 1 G 0 1H1
Test error/No rework 3 6 ] 1818}
Anomalies/No retest L¢] o 0 -0 s
Misc/No retest 0 0 0 0
Total secondary 0 25 a 35 42 102(100)
1&T induced reasons
Damaged wires, heaters, 7 1 1 g
etc.
Elec test overstress 17 2 7 26(26)
Elec twst error 30 L) 9 43143)
Hardware handling 1 3 2 2 10410}
Wrong environment 1 | —3— 6 10010 T
imposed
Bad part selactior in 2 4] a 212}
test i
ACS test errar 0 1] [} D
Test fxsure induced Q 1) 0 o
Total 1T induced 1 62 4] 12 25 100(100}

*Porcentage shown in parentheser; the data have not heen normalized

3-8




TABLE 39. FAILURE REPORT CATEGORIES - HUGHES UNITS

B Program* i
! FR Type 1 2 3 Sum
‘ Quatification |Acceptance Qualification I_Accaptance Acceptance| Programs
Totals 348 63 18 427 |
. Qualification/accept 41{12) 307{88} 28(46) 34(64) 18 .-
breakdawn
Less sacondary 0 5(2) [4] 5116} 8(50) 18(4)
Legs I&T induced 8{22} 7223} 8(28) 11(32) 4125} 104124)
Less anomalies 0 a q 0 0 1}
Total primary 32(78) 230{75} 2172} 18(53} 4(2g} 305(72
Secondary reasons
Out of spec/OK 3 1 4122)
Meas. tech/No retest 0
Test equip/No tetest 1}
Mfg error/multiples 7 7{33]
Test arror/No rework 1 18)
- Anomalies/No retest 2 2 4221
S Misc/No retest 2 2011} ]
Total Secondary 0 5 0 5 8 18(100}
. 1&T induced reasons
l.'.:amaged wires, heaters, 4 8 4] [ a 17{(16]
ete.
Elac tast overstress 0 18 4 1 0 2322)
Elec test error 1 34 1 3 3 401{39) ]
Hardware hendling 4 B 2 3 1 16015)
Wrong environment 0 0 i} 0 J 0
imposed
Bad part selection Q 0 0 0 4] 0
in test
RCS test arror 4] 8 1 1] 4] 7
Test fixture induced 0 a /] 1 4] 1"
[lk Total 18T inducad I 79f 7] 72 - 3 ” o 4‘ N t;}:ﬁ{-oij}

*Percentuge shown in parentheses; the data have-not-begn-normalized

3-9




TABLE 3-10. FAILURE REPORT CATEGORIES - SYSTEM TEST

Program*
FR Type 1 2 3 g;"::l
Qualification ]Accepunce Quatification IAcceptance Acceptance] Programs

Tatals 263 42 18 33 |
Qualification/accapt B85(32) 178{58} 12(29) 30071} 18 L
breakdown
Less secondary B{7) 20011) 0 13 2(11) 20(9)
Less I&T induced 18(22) 38(21) 3(25) 8(27) 8133} 74{23)
Less anomalies 0 10(8) 1] [1] 0 10(3)
Toral primary B80(71) 110(82) {76} 21170) 10158) 2101865)
Secgndary reasons

Qut of spec/OK 0 1 11(38)

Meas. tech/No retest 1] 0 0

Teit equip/No retest 0 0 1]

Mfg error/multipies 0 0 2 217)

Test error/No rework 2 8 10(34)

Anomalies/No retest 0 Q 1 1i4)

Misc/No retest 4 1 B(17)
Tolal Secondary ] 20 0 - 1 2 29{100}

_I&T induced reasans

Damaged wires, heaters, i2 13 D 1 2 23132

eic.

Etec test overstress 0 2 0 2 ] 5(7)

Efec test error 4 9 2 1 Fi 18124)

Hardware handling 3 i3 1 2 1 200N

Wraong environment 4] 1 Qo [ a 11

impaosed

8ad pert selection in 4] 0 0 0 4] 0

test

RCS test error Q a 0 0 4]

Test tixture induced 0 0 0 2 0 2(3)
Total 1&T induced 19 38 3 8 6 74{100)

*Porcentsge shown in parentheses; the data have not been normalized

3-10
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3,3 TEST SCREEN EFFECTIVITY

The primary data base was sorted by test activity to determine the
origin of each FR. This sort reveals the Screening effectivity of each
test environment at each phase of development, When combined with the
in-orbit results, these data become the basis for the evaluation of the two
analytical methods presented in Sections 4 and 5 of this repart,

Tables 3.11 and 3-12 present the respective numerical data sorts
for qualification and acceptance test screens by hardware level and program.
Table 3-11 shows a surprisingly high systems level FR rate (i.e., systems
level FRs/all FRs) for Program 1 prototype spacecraft of 64. 5 percent,
The Program 2 prototype spacecraft FR rate of 28, 1 percent was more
reasonable, even though based on a small sammple size. However, these
TR rates are both high when contrasted to the systems level acceptance FR
rates of 17,6, 20,2, and 11,0 percent for Programs 1, 2, and 3, respec-
tively. The disproporticnate gystems level FR rate for prototype space-
craft may be the result of a higher screening effectiveness at the systems
level for qualification (design?) problems.

Particular environments within a test phase are discernible from
Tableg 3-11 and 3-12, For all vibration tests, Z (longitudinal) and X (tat-
eral} axes were more effective than Y (lateral) with 30, 26, and 12 FRs
detected at each axis, respectively; but 32 percent of the total of 101 vibra-
tion test FRs did not indicate the axis of importance, most of these having
been originated at Hughes, Both hot (22) and cold (16) temperatures were
important to all the unit thermal vacuum (TV) tests, with eclipse simulation
being particularly important to the spacecraft systems level, resulting in
14 of the 29 TV FRs (48 percent). Note that the cold phasc of "despun
compartment' or "electronic gshelf" TV (DCTV/ESTV) simulates an extended
¢clipse condition and was therefore included. The unit thermal cycle test
environment indicated ro strong preference as to where FRg occurred,

The data of Tables 3-11 and 3.12 were grouped and distributed by
spacecraft assignment to undetstand the significance of the test sereen
distribution and to look for trends. This is presented on Figures 3-2 and
3-3 for the unit and systems level test screens. The four groupings chosen
for unit screens were: 1) initial assembly, inspection and performance
tests, 2) vibration and post vibration performance test {SPT), 3) thermal
vacuum and/or thermal cycling and the final inspaction and performance test,
and 4) performance tests which were not defined as to specifics and all
reaction control subsysten (RCS) tests, For the systems level test screens,
the four chosen groupings of FRs were: 1) initial assembly, integration, and
integrated systems tests (IST), 2) vibration and SPT, 3) all TV tests (DCTV/
ESTV and spacecraft TV} and the final IST and inspection, and, 4) all launch
operations, Those units which were not assigned to a spacecraft werc
carried as a separate spacecraft grouping to enable analysis,
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TABLE 3-11. QUALIFICATION TEST SCREEN — NUMERIC

Program % Program 2
Qugalification
Test Interna- Hughaes Systems Interna- Hughes Systems
Screen tionat Units Units Level rional Units Units Level Total
Initial inspection 7 2 Q
Mechanical mfg. 3 3 []
Initial elec. perf. test 1 H 5 2 q 1 24
Perf. test — not identitied q 8 10
Finai alec. perf. tast ’ 2 2
Trengition 1 1
STV/ESTvY Hot
Cold {aclipse) \ 1 1
Initial 18T 1 1 12
Setup 1 1
Not defined 3 2 1 -]
Vibration X-axis 1 8 1 8
Y- axis 2 2
L 2-axis 1 4 1 ]
SPT (post vibration) 2 10 1 8 i8
Hot 1 1
TvisTy { Cod 5 5
Eclipse simulation 1 1
Uka or transition 1 1
Unknown B -
Therrnal Transition . 3 - 3
cycle Hot .
Cold 4 . a
Final IST - - t . i
Finel inspection 1 1 2
ACS tests 1 1 %
Subtoial * 1 {1.0) 32 (33.4) B0 {B84.5) 21563} 21 {85.6} 928.4 125
Total a3 32 126

Dl

*Percentage shown in RParentheses; the data have not been normalized
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TABLE 3.12. ACCEPANCE TEST SCREEN - NUMERIC
b
Program 1 Program 2 Pragram 2
Accepiance Inter- Inter- Inter- ;
Test national | Hughes | Systems national | Hughes § Systems || nationsl | Hughes | Systems §
Sereen Units Units Level Units Units Level Unity units Level Total i
Initiat inspaction & -] 8 ] 1 2 t 2 27 i
Mechanica mig. 1 3 3 1 1 1 2 12 1
Imual elec, perl, test 113 85 4 34 4 3 3 Ficdl i
Pert. test - not identified 68 23 1" 8 20 1 131 i
Final etee. pert. test 4 5 1 1 1 , 1
Tiansitign 2 2 L
DOTV/ESTV { Hot x 3 ( 3 ]
Cotd fectipsel 2 4 ] H
fnitial 18T 27 4 \\ 1 3z
Vibiation Setup not defined 1 24 t 1 27
Unit-van(!nn? X-axis 10 g 2 ! 18
f;;f:ﬁ(;;::'m Yoams 2 5 2 | 1o
2-anis 4 14 1 4 1 24
SPT (Post vibratien) 16 [ 2 1 2 27
Hot 11 9 1 1 22
Colg 4 1 2 L] L 8
VSTV Eclipse simulation - - B - - - - 2 7
Unk. or transition 2 1 1 2 3 9
Unknown 1 - — - i 1 |
Thermal cyele Teamition 1 2 - - 1 - g "
Hot 14 1 - 2 - 1 ' - e “
Coxd 28 16 -~ 4 - 8 | - s |
Final IST - - 15 - - 4 - - 1o ‘
Final inspection 1 4 2 7
RCS tests 12 - 2 Do |
_Launch opetations o Y S T U | U S D A —ed = L__J
Subtotsts* 284 230 10 1] 1B 21 77 4 10 815
N e _l45.5) l36.?! . _“?,'6,’ | (62.5) ) (12.3} 20.2) ) 184.6) 4.4} LR A IR i
Total 624 104 21 i mai‘ .
- T S | S R Y | B i
"Pergentage shawn w parentheses, the data have ot been nonnahred
!
1
'
}
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Figures 3-2 and 3~-3 show a number of significant features about the
primary data base, Program | was generally more uniformly distributed
within each test group than were Programs 2 or 3. This is probably the
result of the larger sample size. At the unit level, at least 42 percent of
all FRg were found in group i -- initial assembly and performance check-
out. Some of group 4 (undefined performance test) undoubtedly belong in
group l; therefore, the initial assembly and performance test is the most
important phase for test screening at the unit level. Vibration (group 2)
is less effective (15 percent) than thermal (21 percent) tests (group 3) on all
programs and about 2] percent of all unit FRs were in group 4 -- undefined J
performance. Within the unit groupings, the qualification data are not sig-
nificantly different from acceptance. Qualification vibration was somewhat
more effective than acceptance (2] percent of all qualification FRs versus
17.5 percent of all Program 1 FRs and 17 percent versus 8 percent for all
Program 2)., Thermal testing was somewhat less effective at qualification
(18 percent versus 21 percent for Program }). However, this difference was
vetry pronounced at the systems level. Almost 42 percent {Program 1) and .
E5 percent {Program 2) of the respective prototype spacecraft FRy occurred
in vibration. This contrasts to 16 and 20 percent overall and only 3 and
10 percent without prototype spacecraft FRs. Therefore, vibration and
SPT were very impor.znt for systems level qualification (prototype spa.e-
craft) but were significantly less effective screens for systems level
acceptance (flight spacecraft). Syatems level TV tests were more effective
for the flight spacecraft than for the prototype :pacecraft.

Figure 3-2 shows that as the unit tests screens mature with time, the
effectiveness of the initial ambient tests remains constant at about 41 per-
cent, Unit vibration generally trends downward with each successive
spacecraft and program, and thermal test grouping trends upward in
importance. The percentage of undefined unit performance tests (group 4)
trends upward {19 percent on Program 1 to 27 percent on Program 3),
indicating that attention to detail on the FRs waned with each successive
program. It should also be noted from Table 3-7 that the percentage of
foreign participation also increased with each successive program. The
high percentage of group 4 for the F-4 and -5 assigned units from Pro-
gram 3 makes the Program 3 evaluation difficult, By comparison with
Program 3 Fa6 assigned units, where a high percentage is assigned to
group 1 (59 percent) with a corresponding low group 4, one could conclude
that the vast majority of group 4 Program 3 FRs actually occurred during
initial checkout and the 44 percent overall group 1 value is very conservative.

At the systems level the initid] assembly integration and IST (group 1)
tests are again very effective: 50, 33, and 50 percent for Programs 1, 2,
and 3, respectively, and 48 percent overall,

The systemns level sine and random spacecraft vibration tests
produced only 1 FR during acceptance (Z sinc), and five FRs were additionally
reported after the vibrational environment during the Systems Performance
Tesat (SPT),
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Figure 3-3 shows that an increase in Program 2 systems level TV
occurred with a corresponding decrease in the initial (group 1) screening,
The data shows that this may have been caused by both inadequate unit
thermal testing (Figure 3-2 Group 3) and systems level initial performance
testing (Group 1 of Figure 3-3).

Figure 3-3 also shows that all of the launch operations FRa occurred
on Program 1, The first spacecraft launched on Program 1 (the F-2) had
11 FRs generated during launch operations. Although FRs continued to be
generated against succeeding spacecraft, they accrued at an average of just
over 1 per spacecraft. During the five laanch operations of Programs 2 and
3 no FRs occurred, This is probably the resull of a mature test program
with proven procedures. It should be noted that the F-1 spacecraft of
Program | was unique in that after the spacecraft systems level tests were
cornpleted it was stored and not launched. After all other spacecraft on
Program | were tested, F-1 was returned to Hughes, upgraded with the
latest configurations (a few design changes) and then again put through a
systams level spacecraft test program pricr to shipment to the launch base
for launch,

Table 3-12 was prepared, using the data for the systems level
acceptance test screens of Table 3-12, It distributes the FRs by spacecraft
sets of all, initial (F-1), all remaining, and F-1 retest for Program 1 into
three new groupings: 1) pre-spacecralt environment; 2) spacecraft environ-
ment (vibration and TV); and 3) launch operations. As can be seen from

TABLE 3-13. SPACECRAFT SYSTEMS LEVEL TEST SCREENS 8Y SPACECRAFT

Pro ram'F‘
1 2 3
F.2
Total, 1| through FA Total, F-2 and | Totale,
All Space- FB Space- All F-1 F-3 All
Systems Level Acceptance Test | Space- craft Space. | craft Space- | Space- Space- || $pace-
Group Screen by Spacecraft craft Original | craft Retest craft craft craft craft
Intial electrica.i and meshanica’
assernbly and performance 33 9 2 3 4 4 o] 2
1 DCTW/ESTY 5 0 5 0 6 3 3 4]
Inital 1ST 7 ] 18 2 4 1 3 ]
]
Vibration ] 0 1 0 0 0 Q 0 j
SPT 2 1 1 1] 1 1 0 2
2
TVISTV a 0 8 1 4] 0 Q 2
Final IST and wnspection 14 3 9 2 B 4 2 1
3 taunch operations 189 1" gee N/A 1] 0 Q (4 R
Tolat 110 }, N 12 a8 21 13 8 B8
Average per spacecraft N ] 10.3 3 - 13 4.0 27

*Sheif data not included (two FRs}
**F.2 was 15t spacecraft lounched, therelare, F-2 launch operations FRs were athbraniy assigned to F spacectall and
YICE vErda
*4eF.6 spacecegit has nat as yet been testac.
Data have not been normalizad.
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such a grouping and distribution, there js a significant distinction in FR
observations after the initial spacecraft of the two different test programs;
hote that Program 3 is considered as a follow-on to Program 2.  Both f.}
Spacecrafl had three times as many problems as the average of succeeding
spacecraft, The F.) Spacecraft retest problems of Program ) provide
unique evidence that the initial F'~1 spacecrafy test program was not a totally
cffective sereen,

3.4 DEFECTS ANALYSIS

Each primary FR was divided into four categories according to the
cause of fajlure: 1) workmanship, 2) part, 3) design, and 4) unknown,
The results of thig division by level of assembly and asgsigned spacecraft
for each pProgram are shown on Figures 3-4 and 3-5., The unit and systems
level FRr are shown as a function of the assigned Spacecraft. Where an FR
occurred on a unit which Wwas not eventually assigned to a gpacecraft, it
was classified ag ''not assigned. " The relationghip of international ang
Hughes unit FRs was maintained. Integration and test (I&T) FRs and the
anomaly FRs were alsg added,

The figures show the downward trend from early to late spacecraft
in the numbers of FRs occurring during a given spacecraft acceptance tegt
Program. An estimate of thig trend is presented on each figure whe rein
the averages for the first set of spacecraft and the last set are calculated
and a two point line is drawn. These averages included an appertioned
number of the una ssigned FRg.

last spacecraft in that set. Units would be delayed in their production
Sequence to allow "repair' and would reenter the acceptance cycle later in
time, resulting in late Spacecraft assignment.

At the systems level, both F.2 Spacecraft exhibited relatively low
FR rates, In general, workmanship, part, and design FRs were all lower
when compared to the preceding spacecraft (F-1) and the following space-
craft (F-3). Ng viable explanation is apparent. It should be noted that -the
Systems level data of the F.1 spacecraft of Program | ig a combination of
FRs from two complete systoems test séquences and the ¥Rz which occurred
on the F-2 gpacecraft during launch Sperations (the F-| sbacecraft launch
oeperations problems were arbitrarily assigned to the F.2 8pacecraft), Asg
stated carlier, the F-2 Spacecraft was the first lavnched and had an

The data from Figures 3-4 and 3.5 have been redrawn on Figare 3.6
in the form of frequency charts, A clearer picture of the spacecrait ta
spaceocraft relationships can be achieved for Program ) and Programs 2 ane
3, respectively, The not assigned FRs have been apportioner betwe. » the
Spacecraft seta,
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NUMBER OF FAILURE REPORTS BY TYPE
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l The apparent reduced effectiveness of the qualification test program
is due in part to the fact that the equipment complement was only approxi-
mately 50 percent of a flight spacecraft. However, it ie evident that the

l Program 1 systems test environment was significantly more effective as a
qualification test screen than the unit test environment. The data also
indicates that the design defects were not adequately screened during qualia

. fication environments, and significant numbers of design problems were
revealed in subsequent flight spacecraft acceptance tests,

As might be expected, workmanship FRs are the largest single
category in the data base at both test levels for all three programs and for |
almost every flight spacecraft. The shifting of problems to the last space-
craft in any set is clearly evident for workmanship FRs (see F-4 and F-8
spacecraft for Program 1, F-3 spacecraft for Program 2, and F-6 space-
craft for Program 3}. Owverall, the trend toward reduced numbers of FRs
with each progressive spacecraft is consistent, with the exception of the
workmanship FRs whizh trend upward for the last spacecraft in each set.

The second most important category of acceptance FRs was the I&T
induced group. These FRs were significantly high for each spacecraft, For
. the later spacecraft at the systems level there were almost as many J&T

induced failures and problems as the test program revealed in the space-
craft hardware,

Defective part problems occurred throughout the acceptance test

programs and did not appear to be affected by spacecraft number or test
maturity.

Design FRs followed the expected downward trend, but not to the degree
one would expect. The initial spacceraft of each program revealed substantial
) numbers of design defects (despite the qualification program) which decayed
to a relatively constant rate for Prograrm 1 from the 4th to the 8th spacecraft,
The F-4 spacccraft did involve some new designs on Program 3; this resulted
in a new start of this design FR decay process.

The similarity of data from program to program was verified by the

‘ use of the normalization factors presented above. When the primary data

is sorted and divided by the number of spacceraft within the sct as appro-

priate, and then normalized, the results are as shown on Tables 3-14 and .
) 3-15 for qualification and acceptance. Program 1 qualification FRs are P
similar to Program 2. The same is true of the FR per spacecraft average
of the first flight spacecraft set for Programs 1 and 2, The last four spacce-
craft on Program | {set | B) was almost identical in FRs per spacecraft to
Program 3. In summary, the data, although derived from three differont
programs, is consistent when normalized for either qualification or
acceptance. Therefore, it was concluded that program and level of develop-
ment distinctions arc not necessary for FR defect analysis purposes,

Table 3-16 shows a summary of all primary FRs by cause. Design
FRs accounted for almost 50 percent of all qualification FRs, but only
16. 7 percent of the acceptance group. Workmanship accounted for 51,4 per-
cent of the acceptance FRs and 35, 2 percent of the qualification group,
Summaries segregated by the cause of failure are shown in Tables 3-17,
3-18, and 3-19 for workmanship, part, and design defect types, respectively,

ey
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TABLE 3-14. NORMALIZED PRIMARY QUALIFICATION
DATA BASE BY SPACECRAFT

Program
1 2
Normalization factor 1 (ref.) 2.50
Raw data:
Unit a3 23
Systems level 60 ]
MNormalized data:
Unit 33 57.5
Systems lavel 60 225
Total 93 73.0

TABLE 3-15. NORMALIZED PRIMARY ACCEPTANCE DATA BASE BY SPACECRAFT

Program
| 1A 18 2 3
Number of spacecreft 4 4 3 Unit:  3n*
System: 3
Normalization factor 1 {ref) 1 {ref) 2.50 244
Raw data/spacecraft:
Unit 7686 52.0 27.87 23.14
Systems leve! 16.78 10.75 7.0 267
Normalized datafspacecraft:
Unit 76.5 52.0 69.18 56.46
Systems level 18.76 10.76 17.50 6.61
Total 93.25 62.756 86.68 62.97
*Shelf units T % of a spacecraft
TABLE 3-16. ALL PRIMARY FAILURE REPORTS BY CAUSE
Qualification Acceptance
FR Parcent of Percent of
Type Quantity Total Quantity Total
Workmanship 44 36.2 421 51.4
Part 16 12.8 238 29.1
Design 62 49.6 137 16.7
Unknown 3 2.4 23 2.8
Total 125 - 819 -
)
f .28
b

.




$—2 s Fem SEm NS

3

-y

-

.-

e

Table 3~17 dramatically shows that 60 percent of all workmanship
FRs occurred during installation and/or assembly for both qualification and
acceptance tests. No 'learning curve' improvements are apparent. Con-
centrated effort in this single area may have had a significant impact for
both cost and schedule of the programs. Bad electrical connections (welds

and solder joints) accounted for almoet 16 percent of the acceptance work-
manship problems.

Manufacturing process was the largest part FR problemn; 43. 8 per-
cent for qualification and 30, 7 percent for acceptance (possibly higher
because of the unknowns 39.9 percent). Part internal contamination was
also important (17. 2 percent of part FRs) for acceptance. In general, the
Process problem was significant throughout all three programs,

The summary of design FRs by cause is shown in Table 3-19, TFive
different types of problems were almost equally important to the qualifica-
tion program. Circuit design and mechanical installation were followed by
manufacturing process errors and innate physical property problems, and
then specification errors. Four of these five were still important during
the acceptance iest program with innate physical property problems
becoming dominant, The qualification program appears to have been only
marginally effective in screening these physical property problems, along
with manufacturing process errors, circuit design errors, and specification
errors (in order of importance to the accepiance program).

TABLE 3-17. WORKMANSHIP PRIMARY FAILURE REFORT DEFECT TYPES

Qualification (35.2 percent) Acceptance {51.4 percent)
Workmanship FR Percent of Parcent of
Defect Type Quantity Total Quantity Total
Test error 1 2.3 15 36
Paper error 5 114 19 4.5
Bad electrical connection 1 2.3 66 15.7
Accidential handling 1 23 0 0
Misuge 1 2.3 1 0.2
Wrong part used 0 0 16 38
Damnaged wires/coax 2 4.5 2 0.6
Contamination B 114 26 8.2
Bed alignment 2 4.6 21 5.0
Installation/assembly 26 59.1 265 60.6
Total 44 - 41 -

Note: Usually, accidental handling and damaged wires/coax we.e I&T induced, not
“workmanship.”
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The primary and I&T acceptance FR data at both unit and systems
levels for all programs was classified by type and subsystem to study the
variances between subsystems., These data are presented in Table 3-20,
Generally, 40 percent of all FRs were workmanship, 22.5 percent part,

13. 0 percent design, and significantly, 22.5 percent were I& T induced, By
subsystem, both power and propulsion had high numbers of 1&T type FRs when
compared to the other subsystems (36 and 47, 4 percent, respectively), The
propulsion subsystem had a very low (5.3 percent) proportion of part
problems (no electronics), and the power subsystem had very few design

(4 percent) problems, The telemetry and command {T&C) digital subsystems,
and the attitude control subsystems, as expected because of a high con-
centration of electronics, had the highest concentration of part problems --
33, 6 and 34,2 percent, respectively,

TABLE 3-18. PARTS PRIMARY FAILURE REPORT DEFECT TYPES

Qualification {12.8 Percent) Acceptance {20.1 Percent)
Part FR ’ Percent of Percent of
Defect Type Quantity Total Quantity Toral
Workmanship 3 18.8 16 6.7
Contamination 3 18.8 141 17.2
Mfg. process 7 43.8 73 30.7
Design 3 18.8 13 5.5
Unknown 0 Q 1 399
Total 16 - 238 -

TABLE 3-19. DESIGN PRIMARY FAILURE REPORT DEFECT TYPES

Qualification (49.6 Percent) Acceplance (16.7 Percent)
Design FR Percent of Percent of
Defect Type Quantity Total Quantity Total
Wrong part 0 0 1 0.7
EMI 0 0 1 0.7
Physical properties 1 17.7 48 35.0
Specification error 8 12.9 20 14.6
Process estor " 17.7 31 2286
Circuit design 16 258 24 17.6
Mechanical installation 16 25.8 tu 7.3
Analytical error 0 0 2 1.5
. e e —. e S
Total 62 - 137 -
e _ — AL __
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TABLE 3.20. PRIMARY AND I&T ACCEFTANCE FAILURE REPORT DATA

BY TYPE AND SUBSYSTEM
Failure Report Type Appraximate
Allocation
Subsystem Unknown | Workmanship Part Design 1&T Totals ol All Units - ofa
Communications 16(4.00 183(40.3) 97124 45(11.1) 83(20.5) 404{38.2} 434
T&C RF 2(1.5) 80037.91 240112.2) 38(27.3] 20015.2) 132i12.5) ] 1.0 !
TAC digrtai 211.3] 61040.1} 511(33.6) 11(72.2) 27H17.8) 162{14.4) (Combined)
Attitude control 201.8) 29(36.1} 381342 12010.8} 20(18.0) 111(10.5} 36
Power olg 28(37.3) 122 34.0) 27(36.00 78(2.1) 7.0
Propulsion 101.3) 27(35.5) 5.3} 8(10.5} 36(47.4) 16172} 139
Antenng [101}] 17(43.6) HLh 13(33.3} 6115.4) 38ian 36
Spacecralt
harness [} 28(58.3) 3(6.2) 5(10.4} 12125.0} 48(4.5) 11.3
Structurat and {Combiined)
mechanical ol 6(42.9) oig 321 .4) 5(35.7} 1401.3) I
All athers ol0) 2133.3) 10118.7) 118.7} 2(33.3) 610.6) 0.2 i
Total 231220 | 421308 L 238225 | 1370200 | 2382251 | 105701000 100
L . o ——— - S — .- R —— . M e e e EE——
NOTES: 1l Umt and systems level FRs from all programs
2) { 1 = % of toral
The spacecraft harness subsystem was segregated from the structural "

subsystem because of the high number of FRs generated at the systems level,
Of the 110 primary FRs of Program | at the systems level, 33 were wire
harness (30 percent), and of 38 InT FRs, 7 (18 percent) were against the
harness, The harness group was less significant on Programs 2 and 3,
where only two (6. 4 percent) primary and two I&T (14 percent) FRs were
reported. The total number of FRs per subsystem can be normalized, based
upon number of units, As shown in Table 3-2, a weighted calculation
indicates that approximately 50 percent of all hardware from which FRs
could have been produced were from the communications subsystem, There-
fore, 38,2 percent of all programs primary and [&T FRs {rom the cam-
muunications subsystem shows a better than average performance, Poor
performers include the attitude control, 10.5 versus 3. 6 percent; T&C

(both) 27.7 versus 11 percent. Other "good' performers include propulsion,
7.2 versus 13,9 percent, and struclures, 5.8 versus 11, 3 percent, :

3.5 ORBIT FR ANALYSIS

All of the reported orbital problems have been coded and classified
in a manner similar tothat used for the primary FR data hasc at unit and
systems levels. The data has been divided.inta_bagic groups: 1) unique
problems (those which occurred anly once on a program or are the {first
ocecurrence of several of similar problems on the same and/or subsequent
{time) spacecraft); and 2) duplicate problems (previously reported symptoms
with the same determined cause but not necessarily on the same serial
numbered spacecraft), A third group called operator error has heen added
to cover a single problem on Program | wherein a ground controller causerd
a major catage of payload communications through the use of improper

n



procedures, These groupings are summarized on Table 3-21 for the two
programs (Programs 2 and 3 are combined). The percentage data shows
the similarity between the programs, Approximately 50 percent of all
problems are duplicates. This would imply generic defects which cause
repeated occurrences of the saine problem on several spacecraft within a
program. The problems either did not occur or -ware not identified in time
to enable the correction of subsequent spacecraft prior to launch.

Of the unique problems, 52 percent were determined to be design
defects, This implies that the test program was relatively ineffective in
screening design defects. In fact, the vast majority of the design problems
were not tested for during the acceptance test program., These problems
involved life, static charge/discharge, orbital alignments, and zero gravity
conditions, deficiencies for which the test program was not designed to detect,
Therefore, the problem is one of overall test program design. It should also
be noted that the data of Table 3-21 reflects almost 44 orbit years of exper-
ience on the 12 spacecraft in orbit (see Table 3-1),

The criticality of any residual problem is an important criteria in
evaluating the effectiveness of a test program. This was evaluated as a
function of this effect and is presented in Table 3-22. Anomalies, periodic/
intermittance, and hard failures occurred with the same fregquency. All of
the catastrophic problems (i, e., loss of spacecraft or payload function of
the spacecraft) occurred on Program | and were associated with a single
type of unit. This was a life/design problem which occurred on a particular
lot of units which were all launched prior to detection. Many of the orbit
problems were not critical (36 percent), (e.g., loss of a single telemetry
channel), Others were operationally overcome by special ground station
command sequencing (1! percent), The remaining problems (39 percent)
were mission degrading in that some critical function (payload) was lost,
impaired, or interrupted.

rABLE 3-21. ORBIT FAILURE REPORTS FOR ALL PROGRAMS

Program
Type 1 2&3 Total

Unigque prablems ;

Unknown 11.5" 1{4.5) P22

Workmanship 2{2.9) 1(4.5} | 3(3.3)

Part 13(19.1) 4{18.2} 17018.9}

Design .. 18{26.5} 5{22.7) 23(25.6]
Duplicates of above 33(48.5) 11(60.0) 44{48.9}
Operator error 1{1.5) /] 1{1.1)

Total 68 22 80
- Fercentage shown in parentheses; the (]d;diﬁaive ;lgl been normalized
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TABLE 3.29 ORBI1 FAILURE REFORTS SYMPTOM VERSUS SEVE RITY
FORALL PROGRAMS
- —— . T — .
‘ Symptom :

-

]
Saverity + Anomaly Antermittem

Not critical ! 10

Operationallyi
overcome

Mission ;
degrading : §
Catastrophic |

Totat : i5

“All same unit on Program 1

e

Unique Problerns

Periodic

——

Operator ercar on Program 1 not included

l

Duplicate Prablems

Periodir
_Fait _A_npﬁ@lalv Inlern_miitgent B
2 10 4
6

11 £ S

2|

- ————
16 l i5 J 15

i-1%

Harg ;
Fail | Total
i 32
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4. TEST EFFECTIVENESS

+.1 INTRODUCTION

For this study, test effecliveness has been generally defined as the
number of failure reports (FRs) generated in a given test sereen Lo the nuti-
ber of FRs (i.e., defects) which were available to be sercencd, The analy -
8is was approached from two perspectives, First, "Specific Test
Effcetivencess” was calculated to asscess the effectivencss of a parvticular test
indetecting defects peculiar to that environment {e, g., the cffcctiveness of
unit vibration tests in screening the total FR group which was genorated
during unit, system, and launch vibration, Second, a "General Test Effcca
tiveness” was calculated to azsess the cffectivenese of a given test-relative
to the total FR population without regard to screening cligibility (i.e., all
remaining FRs were considered available to the next test environmoent).
Using both of these approaches, comparisons were made belween the individ-
nal unit and systems level tests. A methodology is outlined to vary the
content of the total test program in response to the observed FR rates,

4.2 DATA BASE

The primary FRs for test and in-orbit {rom Programs | through 3
were cvaluated and classified in terms of the tests or particular environnient
where the FRs originated. Test data were taken (rom the sumimarics of
scction 4. 3 and in-orbit data were taken from section 3.5, For this analysis,
the qualification and acceptance test data were regrauped in the following
categolrics:

I'nit Tests Systenis Level Tests
Inittal amihient DCTV/ESTV and initial IST
Vibiration Vibration and SpT
The rrnal vacuuan,/ The rual vacuum

temperature cycling

Final ambioent linal IST

ALl unit tests l.eunch aperations

Al systent tests

4 -1
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TABLE 4-1. PROGRAM 1 IN-ORBIT PROBLEM SUMMARY

Prablem Number of Number of
Classification Different Problams Repetitive Problems Total

Vibration 1 - 1
Thermal vacuum 20 ] 28
Not tested for

during system

test 14 25 39
Totals 35 33 68

-

The in~orbit data were similarly divided into three categorics:
1) vibration related {launch), 2) thermal vacuum, and 3} all problems
(totals), The nature of the in-orbit data suggested further categorization, As
shown in section 3.5, mmany of the in-orbit problems were duplications of gen-
eric deficiencies. In addition, a significant number of the in-orbit problems
could not have been screened by the systems level acceptance test program as
defined, A summary of the in-orbit problem data for Program 1 is presented
in Table 4-1. The criticality of the in-orbit FRs is also of interest for analy-
sis and, therefore, additional surts were defined as follows: 1) catastrophic
degradation in performance of the communications payload, 2) unique prob-
lems, and 3) significant degradation of any spacecraft performance parameter,
The total test cffectiveness data base for the Specific Test Effectiveness
cvaluation is presented in Table 4-2, [t includes, from all three programs,
qualification and acceptance test and in-orbit data on vibration, thermal
vacuum/thermal cycling, all tests, and the special categories of in-orbit
problems defined above,

4.3 SPECIFIC TEST EFFECTIVENESS
The equations which define each "Specific Test Effectiveness' caleu-
lation are summarized in Table 4-3. The results, using the data base of

Table 4-2, ave presented in Table 4.4,

4.3.1 Qualification Tests

The test effectiveness calculations for qualification lests are limited
to the unit level because the total FR population 1s assumed to be those FRs
actually generated in the combined unit and systems level test programs. Wilh
reference to Table 4-4, Program | unit qualification tests (all Lests) were
significantly less cffective than Programs 2 and 3 (3u versus 72 percent),

This is probably due to the increased camplexity of Program 1, which

resulted in a greater number of relatively subtle design and interface prob-

lems., The learning curve rvelative to test technique is also a likely signifi-

cant factor, In any event, for a new complex spacecraflt, the dala suggoests

that systems level tests will probably be substantially move important than the

unit level, From Table 4-2, the Program | systems level qualification test

program screened more problems than unit level tests by & factor of 1, 8 ‘
(60 versus 33 FRs), For the combined programs, systems level tests are

more important by a factor of 1, 2,




ST TUBPUNPAL {HE §O 20118 NUdO 1SEIE) 3UC AU, .

‘PHWLINS 3Q FOUUED A IWNDISUCY PUE OR|IBAD mm.:namwmu _um_:wh:_ YE PR 7 swinadesg or cm,um_q_u Hays pue g4 1L weslicsyd u paraap 9-4,
; — g
[0 | S GZ - - - - - - - - - - - - pauadios
U
INEY PINOD
I SLUBLY
i 4 Qr{ - - - - - - - - - - - - eep iy
{SuearsAsqns (e
uouepesdap
ELTITINCTUE N
k14 1) -2 - - - - - - - - - - - - susa1qoud '
anbiuny = -+
wek 0 ealf = - - - - - - - - - - - $30(
SUDNEIIUNLILIOD
g9 =
06 ZZ B9| ©9 Zir & (¥4 09 S8 9% Les £z 141 £ it S8t iy
cE Z g 6 8t L 9 8 Zi 8 |47 [ SZ g 68 BunaAs Juniesaduiat
: o [UIANICA jBuiidly |
3 0 t og S 4] € 1A 4 Lt £8 14 aL I L Luaueigra,
1enpy | \dasay [engy | 10339% | BNG § 19832y |tean [ 1deday |(enig | idasoy| (eng) | wdaosoyg
ghuezZ Ll cpuey t gpuegy EpuE L L gpueg gpesg ' [} S5
el Y AV S N
wesfasg wesBoag wesbosg
SHA LQiQ-U| SH 1531 SWRAISAS Sy 1381 huny

YivQa S5SINIAALLITAAT 1STL HIID3dS TP 3ITEVL




= TABLE 4.3. TEST EFFECTIVENESS EQUATIONS

SPECIFIC TEST EFFECTIVENESS®

Test Equation
' —_ —_—
{ Vibration
TE - Total vibraticn £Rs (unit or systems test}
i All subsequent vibration FRs
(syatems test and in-orbit + Total vibration FRs (unit or systems test)
or only in-grbit}
Thermal vacuum/thermal cycling
TE Tots! thermal vacuum/thermal cycting FRs (unit or systemsy 1ast)

2 Al subsequent thermal vecuum/
thermal cycting [systams test ang
in-grbit or only in-orbit]

. Total thermal vacuum/thermal cycling
Ffs (unit or systems tes1)

Al tests

All FRs {unit o7 systems tast)

3 All subsequent FRs (systems test
and in-orbit or only in-orbit)

+  Alt FAs {unit or systams test)

& Tutal communications

loss
Al FRs (systems tes1}
TE, - —— Al
:‘g subsequent in-orbit Al FRs {systems test}
s
« Unigue problems
TE All FRs (systems test)
5 Numbar of operational problems
revealed + All FRs (systems test)
& Performance degradation
{al) subsystems)
TE. = All FRs (systems test)

6 Number of failures which degraded

performancd or mission *+ Al FRs (systems test}

GENERAL TEST EFFECTIVENESS®

Test Equation

Unit ambient

TE. = Toual initial ambient unit FRs

? All subsequent FRs {unit test,

systerns tast, and in-orbit} + Totsl initial ambient unit FRs

Unit vibratien and SPT

Total vibration and post vibration performanca test FRs

TE, =
8 All tubsequent FRs {unit test, Tota! unit vibration and post vibration
systems test, and in-orbit} parformance test FRs
Unit thermal vacuum/
temperature eycling
TE Total unit thermat vacoum/thermal ¢ycling FRS
] ANl subtsauent ERs (unit test, Total unit thermal vacuwm /thermal

systams test and in-orbit) cycling FRs

*The qualification test effactivenass equatior.: do not include in-orbit failuras

4-4
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Table 4-3 {continued)

Tast

Unit fina! ambient

Systems test initist ambient

OCTV/ESTV and first IST

Systems test vibration and SPT

Systerns tast tharmat vacuum

Systems test final 1ST and Cape

Test

Unit initial ambieant

Unit vibration and SPT

Unit thermal vacuum/
temperature cycling

Unit final ambient

Systams initial ambjent and
DCTV/ESTV and IST (first)

TE10

TE

TEm

TEM

TE

TEIG

TE”

TEIE

TE19

Equation

Totat final unit ambient FRs

All subsequent FRs {systems test
and in-orbit

+ Total final unit ambient FRs

Total initiel ambient, DCTVY/ESTY and first IST FRs

Al subsequent FRs (systems Total initial ambient and DCTV/ESTV
test and in-orbit) and first IST FRs

Total sysiems test vibration and 5PT FRs

All subsequent FRs (systems
test and in-orbit)

+ Total systems tast vibration and SPT FR:

Total systemns test thermal vacuum FRs

All subsequent FRs (systems
test and in-grbit)

+ Total systems tast thermal vacuum FRs

All systems test final IST and Cape FRs

All subsequent
in-orbit FAs

+ Al systame test final |ST and Cape FRis

DESIGN TEST EFFECTIVENESS

Equation

Total initial ambient unit design probluams
All design problems in unit, systems test, and in-orbit

Tatal vihration and post vibration unit design probiems

All dasign problems in subsequent
1asts and in-orbit

+ Total unit vibration and post vibration
dasign problems

Total unit thermal vacuym/thermal cycling dewgn problems

All design problems in subsequent
tests and in-orbit

Tatal unit thermal vacuym/thermal
tycling design problems

Tota! tinal unit ampient design problems

All design problems in subsequent | Total final unit ambient design
tasts and in-orbit problems

Total initial ambi. STV/ESTV anc tirst IST design problems

Dasign problems in subtequent Total initial ambient, DCTV/ESTV and first
este and in-orbit 15T design problems

13
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Table 4-3 (continued}

|
Test Equsation
A Systerns test vibration
and SPT
TE. = Total systemns test vibration and SPT design problems
20 All design prablems in subsequent + Total systems test vibration and
18513 and in-orbit SPT design problems
i
Systems tes¢ thermal vacuum
TE.. = Total systems test thermal vecuum desian probiams
21 Al design problems in subsequent tests _ Total Systems tast thermal vacuum
and in-orbit design problems
Systems test final IST and
Cape
TE 5 " Ait systams test final 18T and Cape design problsms
2
;:I.Io?;::gn prablems 4y systems test final 18T and Cape design problems .. .
TABLE 4-4. SPECIFIC TEST EFFECTIVENESS ESTIMATES (PERCENT)
Unit Test Effectiveness System Test Effectiveness Alt Tests
Program Program
1,2 Programs
Teats i 2and 3 1,2and 3 1 2and 3 { and3 |1.2,and3
Ageept| Qual* Accept] Quet* Accept | Qual* Accept | Accept | Accept Accept
Vibration a8 22 7? 44 93 27 67 100 83 a9 !
Thermal vacuum/
temperature
cycling 59 39 76 75 70 47 30 75 38 81
All tests 7% 36 72 72 76 a8 56 55 65 ] ]
* Total communi-
cations loss - - - 99 100 9y
*  Unique problems - - - " ra "
* Performance degra-
dation (all ! ;
subsysterns) 1
All data - - - 68 79 10 i
Items tesied »
for - - - 77 B4 79 T

*Bated on totul FRs for the test program !

For qualification vibration tests, the systems level screen on Pro-
gram 1 was more important by a factor of 3,6 (25 versus 7 FRs), and 2.7 for
the combined programs, For the combined programs, a total of 33 percent
af all qualification FRs (unit and systems level) were generated in a vibra- l
tion test environment. This relatively large fraction (vibration tests are
only 12 percent of the total acceptance test FR group) is partly because many
structural elements are tested for the first time at systems level,

4-6
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For qualification thermal tests, the systems level screen on Pro-
gram | was more important by a factor of 1. 6, and 1,1 for the combined
programs, For the combined programs, a total of 14 percent of all qualifia
cation FRs were generated in a thermal test environment (thermal tests are
19 percent of the total acceptance test FR group).

The effectiveness of the qualification test screen relative to lesign
problems is discussed in Section 4, 5,

4.3.2 Acceptance Tests

The Specific Test Effectiveness calculations for acceptance tests are
based on the entire FR history for the flight spacecraft, including in-orbit
performance to date. The F-6 spacecraft for both programs was excluded
from this data base because no in-orbit data exists {the booster failed for F-6
spacecraft on Program 1; and the F-6 spacecraft of Program 3 has not been
launched.) The effectiveness of the acceptance test screens was relatively
consistent across the programs with a combined program test effectiveness
of 75 percent for unit tests, 56 percent for syatems tests, and 39 percent for
the entire test program,

The vibration acceptance test screen was highly effective at 93 percent
for unit tests, 83 percent for systems tests, and 99 percent for the entire
test program, Only one vibration problem occurred for 12 spacecraft launches.
A total of only 12 percent of the acceptance test FRs occurred in a vibration
test. The data strongly suggests that a three-~axis vibration test at spacecraft
level is probably not required., For all systems level vibration tests (includ-
ing F-6 spacecraft), a total of only six FRs were generated, with five occure
ring in the post-vibration performance test (SPT) and one occurring during the
initial vibration test which is along the Z-axis (see Table 3-12). The risk

associated with limiting systems level acceptance vibration testing to a single
axis is probably negligible,

The thermal acceptance test screens were 70 percent effective at the
unit level, but only 38 percent effective at systems level, The combined test
programs were 81 percent effective., With reference to the Program 1 in-orbit
FR summary in Table 4-1, note that 28 (41 percent) in-orhit problems
occurred which could have been detected in either unit or sy stems level
thermal testing, These problems included telemetry instrumentaiion errors,
circuit design deficiencies, noisy earth sensor bolecmeters, and RF anomalies,
However, a total of 39 (57 percent) of the in-orbit problems could not have
been screened by the test program because of test technique deficiencies,
These included static discharge problems, early wearout of life limited items,
thermal deformation of structures, ground station operator errors, and zero-
gravity effects. Generally, the deficiencies in test technique resulted from
either the omission of tests such as static discharge or TWT life tests, or
failure to test units in this entire opcrating mode. Therefore, the relatively
low effectiveness of the systems level thermal vacuum cnvironment is prob-
ably a result of test technique deficiencies : nd not total test time in that
environment, The limited effectiveness of increased test time in the thermal
vacuum environment is presented in more detail in section 6 of this report.

o Al ek leabs e e



Relative to problems whieh are crit

lite mission, the System acceptance test gere
99 percent for the combined

phic problem occurred on th

some in-orhijt performance implication was 70 percent for the combined pro-
8rams (see Table 4-4), using all FRs, I the FRs whi

screened are excluded, the Systems test effectiveness increas
for performance related failures,

4.4 GENERA], TEST EFFECTIVENESS

The equations which define each "General Test Effectivenesg® caleu-
lation are 3lso Summarized in Table 4-3. The results, using the data base
of Table 4-§ are presented in Tables 4.4 and 4.7 Figure 4.1 shows the
relative test effectivenes

§ of unit and Syslems level tests and the first yvear
in orbit,

TABLE 4-5, GENERAL TEST EFFECTIVENESS DATA BASE

Number of F R
— —_—
Qualification I
Tests Acceptange Tests |
Program Program
Tests 1 1 2and 3**
e ——— ] — b — _.}
Ambient ({initigl)®** 19 304 102
Vibration and SpT 7 89 10
Thermat vacuum/temperatyre cycling 5 : 3 29 31
Ambient {final) 1 2 10 2
Systerns
tnitial ambient, DCTWESTV, and
IST {initial) 27 3 65 17
Vibration and SpT 25 5 3 k]
Thermal vacuum 0 g
IST {final) and Cape (scceptance only} 1 33 7
In-orbit problems — 10 year projection® 91 64
A _J____\___}

*The tota) failluce estimates ars basey on the predicted 10 year failure rate far individugl sPacecrafy,
When failure rate curvas ware niot available, the fajlure Fate was estimated by considering the re{ativa
number of in-orbit faitures and 1he predicted failyre rates for spacecrafy which weia faunched jn the

':&ma period.

The sheit js excluded
*Performance tests not identified as to time of
NOTE: RCS tests have not been included,

+
-

occurrence have been included hergin,
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TABLE 4-6. GENERAL TEST EFFECTIVENESS OF QUALIFICATION AND ACCEPTANCE TESTS

Test Effectiveness, Percent
Qualification
% Tests Acceptance Tests”
Program Program
' Tesis 1 2 1 2and 3
Unit ' {

1 Ambient (initial) 21 44 43 43

Vibration 1 22 22 7
) Thermal vacuum/cycling temperature 8 21 32 25
l Ambient (final] 2 8 5 2

Combined unit tests 35 72 Fal 81

Systems ]

!L Ambient, DCTV/ESTV, and 1

IST (initial} - - 32 i8 E

Vibration and SPT - - 5 il -
‘l Thermal vacuum - - 7 3
- IST (final} and Cape {acceptance only) - — 27 10

Combined systems tests - - 55 AN
' Combined unit and systems tests - - 87 73

{

o

"General unit ambient acceptance test effectiveness was calculated with the following equation:
TE; = 304/703 - 0.43 {43 percent). Al other acceptance test effectivenesses were calculated in the
same way.

TABLE 4.7. SUMMARY OF ACCEPTANCE TEST SCREENING EFFECTIVENESS
FOR COMBINED PROGRAMS

Remaining Test Percent of
Number of Defect Etfectiveness, | Percent of Systems
Tests FRs Population Percent Test FRs Test FRs !

Unit
Initial ambient 406 942 43 51.8 -
Vibration 29 536 i85 126 -

i

i

i

Thermal 131 437 289 16.6 - !
Final ambient 11 306 36 1.4 - i
1

!

Unit Total 647 922 “e87 | w2 | I N
[ Systems o
DCTV i1 295 3.7 1.4 79 i
Inicial IST Al 284 25 a0 50.7 .
Vibration and SPT 6 213 28 0.8 43 !
Thermal vacuum 11 207 53 1.4 790
Final IST and Cape 41 196 209 52 293
Systems total 140 205 475 178 100 o
All tests total 787 943 83,5 100 ;|
Orbit (1 year estimate} | 112 155 723 - .t
Orbit total {10 years) 159 158 100

I

i
(l';';nd total ’ = T e S — J
{14 spacecraft) 942 - - -
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COMBINED TESTS

83.5% EFFECTIVE

72.3%
43%
28.9%
25%
20.9%
18.5%
5.3%
7%
3.6% 2.8%

umIT UNIT UNIT UNIT SYSTEMS SYSTEMS SYSTEMS  SYSTEMS SYSTEMS 1IN ORBIT
INITIAL VIBRATION THEAMAL FINAL OCTWV/ESTV INITIAL VIBRATION TV FINAL IST (1 YEAR)
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FIGURE 4.1, ACCEPTANCE TEST SCREENING EFFECTIVENESS FOR COMBINED PROGHRAIWS
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4.,4,1 Qualification Tests

The test effectiveness calculations for qualification tests are limited
to the unit level because the total FR population is assumed to be those FRa
actually generated in the combined unit and systems level test program,
With reference to Table 4-6, the Program 2 ¢nmbined unit qualification tests
were significantly more effective than Program 1 (72 versus 35 percent).
This probably is a result of the higher complexity of Program 1 which
resulted in a preater number of subtle design and interface problems com-
bined with the learning curve relative to test technique, The Program 2 sys-
tems level prototype spacecraft tests benefitted from the Program 1 test
experience, However, for a new complex spacecraft, the data suggests that
systems level prototype spacecraft tests will probably be substantially more
important than the unit tests by almost a factor of two (60 versus 32 FRs),

The unit ambient test screen was the single most effective unit test
in both programs (21 percent for Program | and 44 percent for Program 2).
The unit qualification vibration test was the second most effective unit test
and was 11 percent effective in Program | and 22 percent effective in Pro-
gram 2, The thermal vacuum test was more effective for Program 2 (21 per-
cent) than for Program 1 (8 percent)., The final ambient test was only
Z percent effective in Program 1, whereas it was 18 percent effective in
Program 2,

The genecral test effectiveness calculations for acceptance tests are
based on the entire FR history for the {light spacecraft, including the pre-
dicted in~orbit performance for 10 years, The ground test FRs include the
F-6 spacecraft data, A predicted 10 year failure estimate has been included
in the in-orbit failure estimate to correct for the loss of the F-0 spacccraft,
Table 4-5 describes this calculation procedure, The Programs 2 and 3 in-
orbit total failure estimate has been similarly corrected to include a predic-
tion of the yet unlaunched F«06 spacecraft in-orbit failures, The effectiveness
of the acceptance test screens was relatively consistent across the programs
with a test effectiveness for units of 71 percent in Program | and vl percent
in Programs 2 and 3; 55 and 31 percent, respectively, [or systemns level :
tests, and 87 percent for Program 1 and 73 percent for Programs 2 and 3 7
for the entire test program,

The Programs 1 through 3 unit initial ambient tests were the most
cffective tests (43 percent) performed at the unit level (sec Figure 4-1). The
unit thermal tests were the second most effective tests with 29,9 percent
(32 percent Prograin 1 and 25 percent Programs 2 and 3}, The data indicate
that these tests provide the best opportunity for defect detection and
correction,

The systems level ambient, DCTV/ESTV, and initial I1ST provide the
next most effective defect detection test, The test was 32 percont effoctive
on Program 1 and 14 percent effective on Programs 2 and 3, with 28 percent
overall,
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The systems level final IST and cape tests were 20,9 percent effective
{27 percent on Program 1 and 10 percent on Programs 2 and 3). The unit
vibration test was 22 percent effective in Program 1 and only 7 percent effec-
tive in Programs 2 and 3, The combined test effectiveness of the unit final
ambient, systems level vibration, and systems thermal vacuum tests
ranged between 2,8 to 5, 3 percent, The data indicate that these tests are not
very effective in screening defects and failures, They suggest that reduced
vibration and thermal vacuum testing at the spacecraft acceptance level could
be implemented without a significant effect on the fraction defective in a
delivered spacecraft,

4.5 TEST EFFECTIVENESS FOR DESIGN PROBLEMS
The equations which define each “Design Test Effectiveness' calculaw
tion are also summarized in Table 4-3. The results, using the data base of

Table 4-8, are shown in Table 4.9,

4, 5,1 Qualification Tests

The test effectiveness calculations for the ability of the qualification ..
teats to identify design deficiencies are based onthe FR history for all
spacecraft (prototype and flight), .and includes in-orbit performance_to
date. Only design problems have been inciuded. The design test effectivencss
for the Program 1 qualification test program was 32 percent and for Pro-
gram 2 it was only 23 percent. The data indicate that the tests were only
partially successful in detecting design deficiencies.

The Program 1 unit qualification tests were only 6 percent effective
in detecting design problems, Program 2 was 14 percent.effective,. The
Program 1 combined systems level tests were 27 percent effective as con-
trasted with Program 2, which was only 11 percent effective. The Program 1
systems .level vibration test had the highest test effectiveness, with 16 por-
cent, and was the single most important qualification test for the identifica-
tion of design deficiencies,

The above data show that unit and systems level qualification tosts
were marginally effective in detecting design problems. Overall, only 47 out
of 148 design problems were detected in ihe unit and systems level tost
qQualification program of Program 1. On Program 2, 15 out of 66 weore
detected, This suggests that insufficient qualification testing was performad
on both programs. in the future, more extensive testing, interms of envi-
ronmental and operational extremes, should be performead. Fossibly, the
duration of the qualification tests should be extended in an attempt to screen
out additional design deficiencies and avaid delays to the acceptance test
programs due to design problems.

4-12
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TABLE 4.8, PROGRAMS 1 THROUGH 3 DESIGN PROBLEMS SUMMARY BY TEST PHASE

Spacecraft

Unit Test

Systems Test

Initial
Ambient**

Vibration

TVITC

Final
Ambient

Initial
Ambiegnt
IST and
DCTV/ESTY

Vibration
and SPT

TV

Final
IST

Launch
Operations

Grbit
Unigue
Problams

Frogram 1
Qual
F-1
F-2
F.3
F.4
F-5
F-6
F.7
F-8

Unassigned

Wk ENWmBE DO R

O = @ W = NN D&

o000 - 000 WL WM

h
o

coCcoODDOo 00

O0DOO0OCODOODC =0

L= R = = T = I = N = = Y = |

ot

12

0000 N - W

Subtoral

=
o

M o 0O 0O NE QOO WwWe

N
-1

N|IO O DO 00 =0 =

»
-

[
-

IO O0O00DO = =05

-

-

Programs
2and 3

Qual
F-1
F-2
F-3
-4
F-5
F-&
Shelf
Unassigned

W = N3 s AN~

Mo 06 — — O = = -
QIO O = D = =N

(== - -]

1

o

(=T =B = I = I = I =2

=

Qo000 -=-0

=}

L= =~ = - R =

1

[=]

o0 D0 oo

o

- -

L=

Substotals

=
(=]

3

pry

Totals

78

-]
(2
-~

Ao O O = 000 =

27

24

23

*The 8 FRs written against a single capacitor have been considerad a single problem.
**The unit FAs where the test phase unkrown were included in the initial aminent unit test.

4.5.2 Acceptance Tests

Because of the relatively high numbers of design FRs on the carly

spacecraft, the acceptance design test effectiveness calculations were based

on the ability of the first three flight spacecraft of Programs | and 2 to

identify those design deficiencies which were undetected by the qualification

programas.

tive,

The combined unit and systems level test were 47 percent cffeca
Therefore, approximately 75 percent of all design deficiencies were
found after the testing of the first four spacecraflt (prototype and three {light).

[




TABLE 4-8. GENERAL TEST EFFECTIVENESS FOR DESIGN PROBLEMS

Design Test Effectiveness, Percent
Qualification Acceptance
Prograr ¢ 1 and N
F.1, F+2, and F-3
o __leits Program 1 Program 2 Spacecraft
i Unit i
) Ambient 3 8 22
| Vibration 0 2 4
L Thermal vacuum/temperature cyching 3 3 17
| Ambient 1 2 ! l
| Combined unit test 6 14 5 |
Systems
Ambient, DCTV/ESTV, and IST {first) 10 5 10 \
Vibration and SPT 16 5] 1
Thermal vacuum 4 0 4
15T (final) ] 0 3
Combined sysiems test 27 11 16
-rL_Combined unit and systems test 32 23 ﬂ 48 ‘»4\

The unit tests were more effective in detecting design deficiencies
than the systems level tests (39 versus 16 percentl. The single mast clfec-
tive test was the anit ambient (22 percent). Unit thermal tests were 17 per-
cent cffective and the systems tevel initial- ambient, DCTV/ESTV. and initial
8T were 10 percent effective. The remaining tests were very ineffective

(1 to 2 percenth

The first three flight spacecraft unit and systems level acceptance
tests were surprisingly more pffective in detecting design problems than werve
the individual unit and systems level qualification programs. The data tend
to suggest that an important factor in detecting design problems ig the amount
of time spent in testing. What js important in detocting design deflicicncices
appears to be the full exercising of units and the spacecraft ina gavioty of
environmental and ope rational conditions. The proper conclusion may be thal
an effcctive qua.li{ication test program is one in which a spacecrail is fully
excrcised in changing environments and opcrational modes (novel conditinons!
uantil such time a8 the test data indicate that the time between the detection of
design problems (mean time to failure) is such that it is not cost effective Lo
continue the testing.
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4.6 RELIARILITY PREDICTIONS USING A TEST EFFECTIVENESS MODEL

The concept of Test Effectiveness (TE)* assumes the existence of a
fixed initial defect population which is steadily reduced by successive tesi
Screens of consistent effectiveness (i.e., the test screen cffectiveness is
indeperdent of the defect population size; and all members of the population
are cligible for the sc-een), The test screens are not required to have equal
effectiveness. The TE model (Equation 1) has the property that the total

defects screcened by ''p" environments are independent of the sequence of
Y lndependent
environments.

Let:
T = total number of defects in the initial population
fn = number of defects screened in environment '"'n"
FN = total defects screened by the combination of "'n* environments
n = test effectiveness of environment fn't
then;
£
A
E 50
n-1
T- » f
= n
n=1
or

n-J
f = E - f (1)
n n - n

n=1

Tho TE modcl! also has the property that the number of defeclts
screened in any particular environment (or group of environments) will be
Yincarly related to the number of previously screcned defects as follows:

Let: :."
El = cffectiveness of test group -
Ez. = effectivencss of test gt'oup 2
T = total initial defect population
fl = defects screened in test group |
£, = defects screoncd in test group 2

i - ' . . . .

A.F, Timmins, A Stucdy of Relationship between Perfo rmance in Systems
Tests and Space, Proceedings of the Institute of Environmentai Ecicnces,
1975, 1,172
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Therefore, a convenient check of the applicability of the TE model for
prediction purposes is to evaluate the relationship between tne in-orbit fail-
ure group for a fixed period (l year was chosen) and the systems level test
group or the combined systems, and unit test groups, A linear relationship
would be expected. Similarly, a linear relationship should exist between the
systems level test failure group and the unit test failure group.

These data are presented in Figure 4-2, Data Set "A" illustrates the
relationship between in-~orbit FRs and the combined tests FR group, Simi-
larly, "B" and "C'" compare systems level test FRs with in-orbit and unit
level, respectively. The FR data is summarized in Table 4~10, The linear
relationships predicted by the TE model are apparent, The unit data indi-
cates a bias of approximately 20 FRs which apparently have no reliability
significance, The F4 and F'§ spacecraft appear unusual but may only be
indicative of the statistical variance, The defec* analysis data presented
carlier in this report (see Figure 3-4) also indicated F4 and F8 were atypical.
A more detailed analysis of the data base is required,

As mentioned earlier in this report, the Fl spacecraft was retron
fitted to carrect all known design problems and was expnsed to a complete
retest at systems level prior to launch. Given the test history of ¥ -1
(105 Fi}s; see Table 4-10) and the estimated effectiveness of the Progran: 1
combined test environinents (0, 87, see Table 4-0), a total of 8.6 failures
would have been predicted for the retest program, In fact, a total of § did
occur, This data is shown as Flp in Figure 4-2, The in-orbit (1 year)
screcning effectiveness is greater than systems level test (9. 72 versus 0. 5%)
and, therefore, 11 failures would have been expected if Fl hadd been launched
without the retest program, This is in good agreement with Figure 4-2,

In surmmary, the data indicates that a-TE model could be used as the
basis for reliability predictions and, therefore, could be used to adjust the
content of a test program as required to achieve an acceptable residual
defect group, If the number of test failures were too high for a particular
spacecraft, the test program would be coatinued until acceptable FR rates are
achicved,- The F-1 retest program is a casc in point, Consistent failure
teporting criteria would be vequired and statistical Limits for the TE model
would have to be developed.  The results of this study indicate that such an
approach is feasible,
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'Fig ~ THEAE WERE NO FAILURES IN THE FIRST YEAR OF OREBITAL OPERATIONS ON THE £.1 RETESTED SPACECRAFT

*'THE F1 WAS FREDICTED TO HAVE 11 IN-ORBIT FAI

***THE Fip ACTUALLY HAD 8 FAILURES DURING RETEST

FIGURE 4-2. PROGRAM1-EAILURE RATE GROUPS COMPARISON

TABLE 4-10. SUMMARY OF PRIMARY FAILURE REPORTS FOR PROGRAM 1
{Unassigned FRs Excluded)

LURES DURING THE FIRST YEAR IN ORBIT WITHOUT RETEST

Program 1i Total Total Combined Total Systemns Level In-orbit*
Spacecraft Unit FRs Systems FRs Test FRs Retest FRs FRs {1 year)
F-1 77 28 106 8 0
F-2 74 18 92 - 14
F-3 52 156 67 - 8.8
F-4 a3 8 89 - 88
F-5 52 10 62 - 82
F-6 41 15 56 - -
F-7 36 8 44 - 5.3
F-8 57 10 67 - 2
Totals 472 116 £§82 8 471
Average
per
spacecraft 59 13.76 728 1 6.7°"

"The number of in-orbit FRs for the first year in orbit was estimated from the orbital Duane plots
in Figures 5.2B through 6-98 or 5-18 for the F.8 spagecraft.
" *The average was based on savon in-orbit spacecraft since the F-6 booster failed,
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5. FAILURE RATES AS A FUNCTION OF TIME

The system level and in-orbit failure data was analyzed to assess
time dependent trends and relationships, In particular, the applicability of
the Duane reliability zrowth model was evaluated,

required data base, The test time-~to-failure was used for the systems level
FRs and was 2stimated from either the individual spacecraft test logs or

test reports, The time recorded was only an indication of the time-to-~failure,
since spacecraft "off" time during test reconfiguration, third shift, weekends,
etc. . was not extracted, The in-orbit times were those repourted by the
customers at the time the event occurred. By definition, in-orbit time

is current to the date of this veport (Mareh 1, 1977). Because systems test
times varied from a low of 4752 test hours to g high of 12, 288; and accy-
mulated in~orbit time varies between 15, 593 and 53,173 hours on the different
spacecraft of the three programs, it is difficult to combine all data. There-
fore, analysis was basically made by individual spacecraft., A sum:mary of
accumulated tiime for systerns level test (launch), in~arbit to date (3-1-77),
and combined is provided in Table 5-1. The total data base represents over
12 years of systems level test experience and almost 44 in-orbit years.

Where sufficient data were available {e.g., three or more FRs), three
different graphs were prepared for eacn spacecraft as applicable. The
first, graph A, was a Duane plot of the systems level test data. Graph B,
the second, was a Duane plot of the in-orbit report data, using each taunch
date as the initialization point, The third, graph C, is a combined systems
test and in-orbit plot, using the start of systems test as the initialization
point and assurning that the in-orbit data was contiguous to the end of systems
test {launch), It was not analyzed rigorously with the Duane model, but was
presented in the same format,

the cumulative time of eaci event were plotted. A weighted linear regression
was used to {it least squares estimates for the appropriate Duanc equaticns,
The weighting scheme used for the linear regressions is to give the first
failure of each spacc~raft a weight of 1, the second failyre a weight of 2, the
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TABLE 5-1, SYSTEMS TEST, IN-ORBIT, AND COMBINED
ACCUMULATED TIMES [HOURS)

Systems Level 1n-Orbit Combined
Spacecraft Test {Launch) to 3-1-77 {1¥ Applicable)

Program 1

Prototype 7,248 (EQT)" N/A, N/A

F-1 12,288 15,603 27.881

F-2 5,184 53,173 58,357

F-3 5,692 45,6582 51,144

F-4 4,752 44,764 49,516

F-§ 6,552 41,347 47,899

F-6 6,700 N/A N/A

F-7 5,832 30,835 36,667

F-8 7,848 19,973 27,821
Program 2

Frototype ~0,:836 {(EOT) N/A N/A

F-1 8,384 37,756 44,140

F-2 6,864 33,813 40,677

F-3 8,808 15,943 24,751
Program 3

F-4 6,832 25228 31,0680

F-5 5,328 20,9386 26,264

F-6 5,088 (EOT) N/A N/A
Totals 107.836 384,913 466,177

(12.3 years) (43.9 years) {53.2 years)

“All times in hours; EOT = End of test

nth failure a weight of n, ete, ; thus,
All data is assumed to f

where:

P = I

Q

-

IF
T * KT

cumulative failure rate

- total time in hours

it the Duane analy

giving the last event the most weight,

failure events during time T

constant determined by circumstances

growth rate (slope)

sis model of the form:




. s, T oo

When plotted on on log10 - loglo paper, the model appears as a
straight line of the form:

log10

’IOgIO

Therefore, equation (1) reduces to:
log oM = log, K -elog T (2}

and regression fitting will determine the constant X and slope a.

The failure rate at time t is Li; this equates to instantaneous failure
rate for any event as:

T

where:

F,

1

Therefore:

F,

1

Fidt o
oS / T = X1 (3)

instantaneous fails per unit time at time by

K {(l-a) ti'a

(4)

Using the above expressions, the Duane model can be interpreted for three
different conditions:

f10 4 (3)

-

45

A +—(2)

45°

ey

sl eme,
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For condition 1, e= +]; theref-.re, F. =0 and x, = K/T. This is a
limiting condition and a=+1, b !

For condition 2, @= 0; therefore, F, = Kand \, = K (i.e., the failure
rate is a constant, not influenced by time, ) '

For condition 3, & = "]; therefore, F, = 2KT and A\, = KT. For this
case, the failure rate linearly increases with time. This implies either an
increasing test screen effectiveness or that the test article is degenerating
as a result of test (i, e., the defect population is increasing with time}.

An understanding of these boundary conditions will assist in the eval-
wation of the Duane plots,

Figures 5-1 through 5-15 contain the scatter diagrams for each
spacecraft on Programs 1 through 3 where sufficient data existed, Figures
A and B contain the weighted least squares Duane estimate curves. Fig-
ure C contains only visual estimations of the curve (or curves) to fit the
data, using straight lines. Far this combined data no meaningful weighted
least squares Duane estimate could be found for most spacecraft because
of the marked contrasts in slope between early systems test and in-orbit
data. A time reference from Table 5.1 has been provided on each graph.
The operational time.to-date for B figures has been indicated but was not used
as a data point for purposes of determining Duane curves; only data points
corresponding to the occurrence of failure events were utilized in the Duane
analysis,

Table 5-2 contains the parameter estimates derived for each Duane
analysis shown in the figures, This tab's also contains the number of data
points utilized to derive each Duane curve estimate, It should be noted that
where two or more failure events occurred at the same point in time, the
total cumulative failure rate was calculated as one data point.

A review of the spacecraft Duane curves and Table 5-2 reveals that
systems level failure rates vary widely as a function of time. This is best
scen in Figures 5-18a and 5-19a, wherein all systems level Duane curves
have been redrawn on one figure for Program 1 and Programs 2 and 3,
respectively, The slopes shown appear to represent all three Duane curve
bounding conditions described above, Early spacecraft trend toward nega=-
tive slopes (~«) and later spacecraft approach the = +1 limit, The final
failure rate of systems level test {(A;q,) does tend to converge for all flight
spacecraft {especially on Program 1) and gets lower with cach succeceding
spaceccraft (fewer FRs per spacecraft, therefore, lower failure rate),

When all of the in-orbit Duane curves are compared and plotted on
Figures 5-18b and 5-19b, it is shown that all slopes are similar (positive o)
and form a family of curves, again with the property that successive spacce-
craft generally have lower failure rates at any given time in orbit. There

are three special cases for the in-orbit data, Both Program | F-1 spacc-
craft and Program 2 F-3 spacecraft have had no orbital anomaly reports in
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over 15,500 hours of operation, and, therefore, have rot been shown. The
F-5 spacecraft of Program 3 has not had an orbit problem in its last 11, 000
hours of operation. The F-5 spacecraft also has the Duane curve with a
negative slope (-o), If one assumes a failure cccurring on 1 March 1977 for
this spacecraft, a worst case estimation line could be drawn through the cal-
culated failure rate at 20, 936 hours. As a failure has not in reality occurred,
the actual slope should be even more positive than that drawn on Figure 5.15b.
This estimator would appear to depict the F-5 apacecraft in-orbit performance
more realistically than the Duane curve and was used in Figure 5-19b,

TABLE b-2. SYSTEMS TEST AND IN-ORBIT DUANE CURVE
PARAMETER ESTIMATES

Systams Test In-Orbit
Spacecraft Estimate Estimate Estimate Estimate
No. of for for No. of for for
Data Points | K-Constant [ o-slope || Data Points | K-Constant | o-slope
Program {
Prototype 33 5X1075 -0.61 N/A N/A N/A
F1 23 0.512 0.58 Nong insufficient data
F-2 1 1x10-10 -2.03 12 3.00 0.83
F-3 16 0.0275% 0.23 9 1.74 0.82
F-4 ] 0.00195 -0.06 B 2.29 0.85
F-5 9 0.00041 -0.16 i2 0.955 0.76
F-6 13 0.457 0.61 N/A N/A N/A
F-7 7 0.1885 0.56 8 0.309 0.69
F-8 10 0,145 0.54 3 Insufficient data
1-Composite 113 0.126 0.19 45 6.16 0.78
Program 2
Prototype 8 0.00141 0.02 N/A N/A N/A
F-1 1 0.0562 0.37 5 0.00093 0.16
£22 2 Insufficient data -] 0.0933 0.58
F=3 6 0.089 0.53 Nong Insufficient data
Program 3
F-4 3 9.5X1074% | _11.38 3 Insufficient data
F-5 3 0.209 0.87 [ 0.000323 -0.06
F-& 2 Insufficient data N/A N/A MNIA
2-3 Composite 32 0.0637 0.26 18 00118 0.26

- Note: 1) All equations are assumed to be of the form: X = KT-%

2) Number of data points are not equal 1o the number of events as some events occurred on the
same day.
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The Duzne curve provides a reascnable fit of the systems level test
failure rates., When this iz combined with the visually estimated in-orbit
continuous curve after launch, a reasonable approximation of each spacecraft
total profile is obtained. These profiles have been drawn for every space-
craft on Figures 5-16 and 5-17 for Program 1 and Programs 2 and 3,
respectively. A convergence of the failure rates at the and of sydtems test
(and a high correlation) with the in-orbit initial failure rate can be seean,

The two spacecrait which have had no failures in orbit were estimated on the
individua! C figures by the method of assuming a failure on | March 1977,
with the additional requirement that e<+1. The use of Afgt a3 a predictor of
initial in.orbit performance and the fact that the in-orbit slopes within each
Program are similar (0. 78 for Program 1 and 0. 26 for Programs 2 and 3)
form a basis for future prediction of in-orbit performance.

A compasite of figures C was prepared as shown in Figures 5-20 and
5-21 for Program 1 and Programs 2 and 3, respectively. These differ from
Figures 5-16 in that only the visually estimated curves are shown.

The varying slopes during the systems test phase are primarily caused
by changes in the screening effectiveness of the various test phases and by
the total number of defects presented to the systems level sereen., This is e e
an inherent weakness of the Duane model, However, as the spacecraft
design matures, the unit level and initial systems level tests become more
effective and the cumulative failure rates assume a more classic Nuane
profile,

The definition of a physical mondel which ecould provide a basis for the

observed Duane trends is considared in Appendix B, A relatively simple
model is shown to fit rmost of the empirical data evaluated in this study,
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6. SCREENING EFFECTIVENESS OF SYSTEMS
THERMAL-VACUUM TESTS

The specific test effectiveness and general test effectiveness of
the rmal environments were discucsed in Sections 4. 3 and 4. 4. The test
effectiveness of systems thermal vacuum acceptance tests was very low at
7 percent for Program 1 and 3 percent for Programs 2 and 3. A summary of
systems level FRs is preserted in Table 6-1., The test time-to-~failure was
determined for each of these systems level thermal vacuum FRs, and a fail-
ure histogram is presented in Figure 6-1. The screening effectiveness of the
environment decreases rapidly with time with most of the failures occurring
in the first 60 hours of test (87 percent).

The relative importance of this acceptance test screen is illustrated
in Figure 6-2 for Program 1 systems thermal vacuum with DCTV excluded.
The test effectiveness of the therinal vacuum environment (7 percent) is a
factor of four less important than the following final ambient tests (27 percent)
and a factor of ten less important than the [irst year in-orbit. The relatively
low test effectiveness of the thermal vacuum environment may be explained
in terms of the test not inducing sufficient stresses to cause failure, or there
being enough novelty, e.g., changes in environment and operating modes to
czuse marginal hardware to fail. A cumulative failure rate curve was pre-
pared, Figure 6-3, for the therma! vacuum FR data. From Figure 6-3 it is
shown that additional time in thermal vacuum environment is of little value
because the instantaneous failurc rate (M i) is nearly zero (o=+1} after 70 hours, —
This is equivalent to a test effectiveness asymptotically approaching 0. 075.
As shown in Figure 6-2, the cumulative test effectiveness for Program 1
recaches 0.06 after only 50 hours in test. The data strongly suggests that the
test technique should be improved to add novelty and significantly increase
the test effectiveness relative to the first year in-orbit. Time in the
envirunment is not necessarily the most important factor.

TABLE 6-1. THERMAL VACUUM FR SUMMARY
(See Tables 3-17 and 3-12)

|
Thermal
Vacuum
Test Program 1 Programs 2 ard 3 Totals
Qual Accept Qual Accept
DCTV/ESTV N/A 5 1 B 12
Systems TV 7 g 0 2 18
Totals 7 e 1 8 30
6-1
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7. COST EFFECTIVE TESTING

The issue of test cost effectiveness is a question of value received
balanced against test costs. For a complex communications spacecraft, the
total investment in an in-orbit spacecraft can easily exceed $40 million
(including $20 million for a booster) with an operating revenue on the order
of $40 million per year, Total recurring unit and systems tesi costs would
typically be less than 7 percent of the spacecraft costs, or approximately
$1. 5 million, Therefore, from a return on investment viewpoint, it is
apparent that all reasonable test screens should be utilized to ensure in.orbit
reliability. 1t also should be noted that the relatively high operating revenues
create a very significant launch schedule incantive, particularly for the
initial spacecraft.

Typical recurring cost data for an acceptance test program are shown
in Tables 7-1 and 7-2, The data are for programs of moderate complexity
with 1 flight spacecraft and for 8 flight spacecraft, respectively. The data
are strictly approximations and do not represent actual data for any specific

T program. However, it will be apparent that large variances arc possible

without significantly affecting the conclusions. With reference to Table 7-1,
note that the fixed components of unit and systems level acceptance tests are
67 and 76 percent, respectively, Therefore, the basic test plan is the pre-
dominate test cost driver. Hardware problems and failures create only 20 to
30 percent of the total test cost. However, secondary program stretch-out
costs resulting from systems level problems override all test cost consider -
ations by a targe factor. The schedule inplications of the basic test plan are
also obviously important because of the secondary program costs itypically
on the order of $25K/day in spacecraft cost and as much as $110K /day of in-
orbit opcrating revenue). Therefore, based on the cost drivers, it seems
clear that all practical steps to achieve a near zero-failure condition at
systemis level are warranted, The optimum approach would be zera-failures
al both unit and systems level through an cffective emphasis on defect pre-
vention at the subunit level, The test effectiveness of the unit level screons
should also be substantially greater than either the systems test environment
or the in-arbit environment. In addition, the duration of the acceptance test
program should be varied in accordance with the actual failure expericnce

on the particular set of spacecraft hardware as proposed in scction 4, O of
this report,

For a prouram with eight flight spacecraft, the relative cost drivers
shift significantly as shown in Table 7-2, The program stretch-out costs

B i -an HEbtens - T i ""“""r'"‘""




TABLE 7-1. TYPICAL RECURRING ACCEPTANCE TEST COSTS
{1 Flight Spacecraft}

Daollars in Thousands

Item Fixed Variable Total
Basic unit tests 200
Unit rework and retest 100

due to unit level problems

Unit total 200 (67%) 100 {33%) 300 {100%)
Basic systems test 750
Systemns retest due to 200
problems
Unit work and retest due 35
to systems problems
Systemns total 750 (76%) 235 (24%) 985 (100%)
Program stretch-out costs 1700
due to systams problems
Pragramn total 1700 1700
Grand total 850 2035 2085
E=—==_
&5 Ratio
Patential savings
If all prohiems screened 1960
at unit level
If zero-failures achieved 2035

in test program

Maximum permitied 9.1
increase in unit costs
to achigve zero-failure
at systems level

arc not affected, but all other cost clements increase proportionately with
quantity of spacecraft, The overall ef{fect is to increcase the importance of
test costs, Corrective actions at the subunit level, which result in lower

fallure rates, become more highly levered,

Based on an engitieering review of the I'R data basc included in this
study, it is probable that onwy 2 small [raction of the failures are random in
the sense that corrective action is either impossible or not cost effective,

In ract, there are many corrective action paths wiich do not involve increasecd
manpower, For example, a recent Hughes experiment in an electronies pro-
duction arca indicated that the manufacturing defect rate could be dramatically
roduced by simply assuring rapid fecdback of problems tc the person res-
ponsible, It is probable that an aggressive corrective action program to
achicve near-zero failures in both the qualification and acceptance test pro-
wrams would be cost ceffective,

———r
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TABLE 7-2. TYPICAL RECURRING ACCEPTANCE TEST COSTS -
(8 Flight Spacecraft)

Dollars in Thousands
Item
Fixed Variabte Total
Basic unit tests 1600
Unit rework and retest 800
due-to unit level problems i
Unit total 1600 {67%) 800 (33%} 2400 (100%)
I
Basic systems test 6000
Systems retest due to 1600
problems
Unit rework and retest 280
due to systems problems
Systems total 6000 (76%) 1880 (24%) 7880 {100%)
Program stretch-out costs 1700
due to systems problems
Program total 1700 1700
Grand total 1600 4380 11,980
Ratio
o8
Potential savings
If all prohlems 3300
screened at unit leve!
If zero-tailures achieved 4380
in test program
Maximum permitted 2:1
increase in unit costs
to achieve zero—failures
at systems level

Relative to qualification tests, the results discussced in scclion 4,5
of this report indicate that none of the unit or systems environments are !
very effective as a screen for design problems. The data suggests that an
increased emphasis on worst-case analysis, development tests, and other
nonrecutrtring activities would be cast effective, including an aggressive cor-
rective action program, intended to achieve near-zero failures in the unit
and systems qualification test programs., With such an approach, the need for
a qualification 3pacecraft becomes dubiousg, It is probable that destructive
tests arc not required to achieve an effective screen and there is no apparent
schedule advantage to a sequenced development, Therefore, a protofliaht
spacecraft is probably the most cost effective path wherein the first flight
spacecraft is exposed to a more comprehensive test program,



In summary, a cost effective test program would most likely have the

following attributes:

1)

2)

3)

4)

An aggressive corrective action program would be pursued to
achieve near-zero failures in both gualification and acceptance
test programs. Such a program would include standards regard-
ing acceptable defect rates in various categories (e.g., design,
workmaunship, etc,),

The effectiveness of the various test screens would be measured
and an aggressive policy would be pursued to maximize the
effectiveness of the overall test program. The key is to ensure
a high level of novelty in each test period, Time alone is prob-
ably not an effective screen in any given stable environment,

In particular, the effectiveness of the unit test environments
would be increased significantly to ensure a near-zero failure
rate at systems level,

Observed failure rates would be used ta predict both systems
level test results and in-orbit performance. Tke content of the

test program would be varied in accordance with these predictions.

. S S
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8, CONCLUSIONS o e e o e e

The test programs considered by this study were extremely effective
in ensuring a high level of in-orbit reliability, Only a single catastrophic
problem accurred during almost 44 years of in-orbit operation on 12 flight
spacecraft. This problem was the vesult of an earlv wearout phenomenon
which could not have been screened by the qualification and acceptance
Programs as designed.

The results of this study indicate that in-orbit failure rates are
highly correlated with failure rates observed in the unit and systems test
programs. Further, the data suggest that a test effectiveness model is more
generally applicable than a Duane extrapolation because of reduced sensitivity
to variations in the test screen effectiveness, With suitably standardized
failure criteria, itis probable that predictions based on observed FRs and
a test effectiveness model can be used to guide the content of a test prugram
to ensure that the stated in-orbit reliability goals are achicved.

Cost considerations suggest that an aggressive corrective action
progrem to achieve a near-zero failure rate for all systems level testing
would be cost effective for both qualification and ac ceptance, Very few
failures are considered Lo be randum in the sensc that Preventive actions are
impractical. In general, test activities at the black box level and above
should be considered insurance funciions, not screens routinely uscd to
impreve product reliability,

8.1 GENERAL

1} Normalization of data bases {rom similar Programs is feasible:
and when based on electronic parts count, number of units, and
number of different unit types, provides comparable prograns to
program data,

2}  Approximately | FR of any type was gencrated against cach
127 electronic parts produced on cach of the three programs,

3)  Only 68 percent of the Flls wore Primary, 20 percent were inte-
gration and/or test (I1& T) induced, and 11 percent werc secondary,
Of the I& T FRs, 41 percent were clectrical test errors ane
24 percent were electrical overstress, [&T FRs remained
cssentially constant as programs matured, and cventually alings:

LR




4)

5)

6)

7)

8)

9)

10}

equalled the primary FRs generated on later spacecraft at the
systems level. Increased emphasis on test procedures and safety
practices would have been cost effective in reducing the I&T FRs,
Of secondary FRs, 64 percent were for acceptable out-of-
specification test results. Again, better engineered procedures
would have reduced the FR rates,

Z and X were more effective than Y in vibration testing,

and the eclipse sirmulation was the most significant phase of the
systems level thermal vacuum test (48 percent of all thermal
vacuum FRs),

The arnbient initial checkout and performance tests are very
effective with at least 42 percent of all unit and 48 percent of all
systems level FRs being detected at these test phases.

As the programs matured, the FRs generated at both unit and
systems level declined, The first spacecrait has three times as
many FRs as the average of all the subsequent spacecraft. Addi-
tionally, the last spacecraft in any program set has an increased
number of FRs compared with the preceding spacecraft becanse
of delays which have resulted from unit problems.

Workmanship problems dominate the primary FRs (40 percent
of total and 51 percent of acceptance), Sixty percent of all work-
manship FRs are installation and/or assembly errors, lLittle
evidence of learning in this arca was evident, An emphasis
placed on reduction of installation/assembly problems should
result in substantially reduced FR rates,

Part problems remained essentially constant throughout the tost
programs at 22.5 pereent of all FRs, Forty four yiyrcent of the
qualification and thirty one percent of acceptance part problems
were causcd by manufacturing deficiencics,

Subsystems with high concentrations of electronics (T C and ACS)
had a disproportionately high number of FRs. Power and propul-
sion subsystenig had a disproportionately high nunber of I8T iy,

Hall of all in-orbit problems were duplications of previous occur-
rences,  Filly-two percent of the unique problems were desipn,
the majority of which could not have been detocted by the accapt-
ance or qualification test programs ar designed.

8.2 QUAIIFICATION TESTING

L)

The unit and systems leovel qualifivation tests wer o found to be
marginaily cffective in detedting desipn deficdiencies. Approxi-
mately 8.4 percent were screencd at unit Tevel and 22, 3 percent
at systemas level, for an overall eficdtiveness of 28,8 percent,
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2)

E)

These resulis suggest not anty that the test techniques should be
improved, but also that greater emphasis should be placed on
subunit development tests, worst-case analysis, design review
techniques, etc.

Systems level vibration testing is an effective qualification test.

In general, systems level tests are more effective for qualifica-
tion purposes than for acceptance purposes.

8.3 ACCEPTANCE TESTING

1)

2}

3)

Most vibration related problems are detected during gqualification
tests or unit level acceptance tests. Three-axis, systems level
vibration testing is probably not cost effective,

All systems level acceptance thermal tests were only 8 percent
effective. This is probably the result of deficiencies in test
technique and not strongly related to total test time in the environ-
ment. Virtually all of the failures were detected during the first
60 hours of thermal vecuum testing. The effectiveness of the
system thermal enviranments may be severely constrained by the
inherent limits imposed on temperature ranges and rates of
change.

Overall, the acceptance test programs were highly effective in
scrcening critical defects (99 percentl. For all problems, the
combined unit and systems test effectivencss was 87 percent for
Program 1 and 73 percent for Programs 2 and 3.

8.4 RELIABILITY GROWTH

1)

2}

3)

Tost effcetivencss models can be used at Loth anit -and systems
level to estimate the populatior of defects and to predict perfor-
mance in systems test and in-orbit. I[n-orbit failure rates arc
strungly covrelated with test program results, These proedichions
could be used to vary the content of the test program in accordancs
with reliability requirements.

The in-orbit cwmlative failure rate data exhibits a cansistent
slope which implies a constant equivalent test effectivencss,

The in-orbit failure vates gencrally decrease with sUCCessive
members of a spacecrall series, indicating significant roliability
growth, The cumulat’ve faiture rate at the ond of systems test
is a good predictor vt in-orbit performance.




4)

1)

2}

3)

4)

The systems test and in-orbit cumulative failure rate data cannot
be accurately combined into a single Duane plot because the slopes

purposes,

8.5 cosT EFFECTIVENESS

The most cost effective test Program will probably be achieved
through aggressive corrective action to achieve a near-zerg

failure rate at both unit and systems level. The cost inpact of
schedule delays at the systems level is Particularly significant,

A continuing effort ig Warranted to measure angd irnprove the
Screening effectiveness of each environment in the test program,

Approximatoly 70 percent of all direct test costs are fixed by the
definition of the test Pragram,
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APPENDIX A, SUMMARY OF INFORMATION CODES

{A DESCRIPTION OF INFORMATION
OR CODES ENTERED IN
EACHE COLUMN)

Code Description

EFR or IFR number entered here. Columns

1 and 2 contain a non- U, 5. subcontractor code

of IFRs only,

Lc'zvel — Indicates reporting level whc‘re .
failure occurred. A code is used to indicate
these levels:

N Unit {forcign or domestic)
Spacecraft (systems test)
t? Post-launch (orhit)

Subsystem — Spacecraft subsystem from
which part failed, coded:

Other (thermal, cte, )
Cummunications

Antenna

Power

Despin control subsystem
T&C dinital

TaC RE

RCS

Structure /mechanical
Harnvss asscmbly

WL T DR —O

Activity Type = During which failure
ooocurred, coreloed:

Acceptance tests {itny)
Qualification tests {any)
Alignmcent

Launch operations
L.aunch/hoost

(et
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Column

10

12 through 14

16 through 18

20

20

Code

whN—0O

-1 o~ U o

NeRe s

N0 20N Bo S (N PR S s
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v e, W el Smmm e e B

Description

Test Phase — In process when failure
occurred, coded:

Inspection

Electrical manufacturing

Mechanical manufacturing

Electrical performance test (first, not-

defined, or last)

IST (first or last)

ESTV/DCTV (electrical shelf or despun
compartment thermal vacuum)

Vibration (sine or random)

TV/STV (spacecralt (or solar) thermal

- vacuum)

Thermal cycle

RCS tests

Unit Part Number (P/N) = Of failed item,

Part P/N — Of failed component, if
applicable.

Importance Code:

Primary type of failure/anomaly
Test or integration induced
Secomdary problem — no actieon taken
except NCMR or TFR close out
Anomaly not verified w/retest
Duplicate of in-orbit problem

Type code for test (& integration) induced:

PDamaged wires, heaters, and other leads
Flectrical test overstress error
Flectrical test crror

Heardware handling problemns

Wrong environment imposed

Bad part sclection in test

RCS test error

Test fixture induceed

Spacecralt aperator error; in-orbit

Type code for sccondary problem:
Out-of-sped FOK

Measurcinent technique had /no retest
Test equipment error/no retest



J Column

20 .
(continued)

21 and 22
23 and 24
25

27 through 51

53

54

Code

[ealn0 I N

SO s L b e

DN wN —g

R B RN |

o P =D

De=c riEtion

Manufacturing problem or assembly
error maltiple duplications

Test errer/na rework
Miscellaneous /no rework
Anomalies /no retest

Month during which fajlure occurred,
Day of month failure occurred,
Last digit of Year in which failure occurred,

Verba} complement to failur.e code, Attempt
to achieve a complete description of failure
cause between thig verbiage and fajlupe

code of Column 62 and 03,

Symptoms — Of failure, coded:

Ancmaly or Specification variance
Random occurrence

Periodic /inte rmittent

Hard failure

Normal life or wearaut

Not hardware

Visual observation

Severity - Of failure, codoed:
—— Y

Nout critical

Rework to cxisting paper

Retest to existing paper

Degradation of performance or mission
Catastrophic failure

Redesign hardware or paper

Replace failed part

Not hardware

Not verified

Opunltiunally overcome

Generic 1 pe - [ailure, Codeed:

['nkm:wn/unvv1'i{iu.~ri
\\'ut'knnmﬁhip

LPart failure

Desiyn or performanc.
:\'U I.-di.l

A
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Column

57

57

57

59

0 T

Code

o L O VX Ik N =0

LT R WY =D

=10 N W — D

oW

Description

Type code for Workmanship failure:

Installation/assembly

Test error

Paper error

Bad electrical connection
Accidental handling

Misuse

Wrong part used

Damaged wires /coax
Contamination/corrosion
Bad alignment or machining

Type code for Part failure:

Unknown

Workmanship
Contamination
Manufacturing process
Design

Type code for Design failure:

No change

Wrong part

ML

Physical properties
Specification error
Process error

Circuit design
Mecchanical installation
Analytival errov

Enve cmmental Condition = Attributed to or
Crisdng al tiime of faiture,

Other orbit

Ambiont

Reuniedorn

Sine

Hot

Colel

Foelipse (simuiation)

Thermal ftransition/ pumpdown
EMIZENCOC and static chatiere
Rarliation
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Column

60

62 and 63

Code

Descrigtion
Test Modifier — For anctivity, coded:

Initial

Final

Axis (X, Y, Z)

Before

Durirg .
A{tEr )

Numerical portion of Failure Code
. =27ure Lode
{cause of failure},

Unknown (failure verified, but causge unknown)
In proacess

Contamination (e, 8., weld splatter, atc, .

in electronic part or RCS)

Failure not verified (failure of part not
verified by test/analysisg)

Incorrect specification

Suboxide arc-aver

Handling

Test arror (operator error}

Manu facturing error (a mistake)

Design inadequate

Electrical overstress

Micro cracks

Cracled chip

Thermal overstress

Component (internal) short

Drawings or procedure unclear cr incorrect
Wrong part used

Open, missing, or defective weld or solder
joint

Normal and wearout

Interretallic formation

Excessive and Wnnecessgary test conditions
High window impedance i
Mechanical tolerance .
Component (internal) open, miasing, or [
defective connection ’
Test equipment malfunction /design

Manuficturing process 1
Minor RF anomaly

Paperwork lags spacecraft hardware

Minor out of specification Condition-analysis
unprofitable

Hermetic seal not aufficient

Performance specification too tight

N& previous failure history — noénrecurring,
isolated occurrence

A-5




Column Code Description
62 and 63 33 Miswiring
{continued) 34 Design subject to environmental parameter
drift
35 Test equipment or structure unsafe or
subject to hurnan error
36 Part lost — no analysis
37 Inspection error (a mistake)
38 Checking/inspection insufficient or
non-existent
39 Design/procedure subject to human error
2 40 Premature wearout
; 64 Letter Portion of Failure Code (corrective
action)
P Primary part failure (part caused}), Part =

Hi Rel in FPS01000, Basic corrective
. action involved a part supplier,

S Secondary failure, induced by external
error such as poor workmanship or
design,

66 through 68 Unit Serial Number — Of failed item.
70 S/N of Spacecraft upon which unit "flew"
72 through 74 Time Dvration represented as XX. X
(whave = .ilable)
75 Time Basc (as applicable):

0 Seconds

1 Hours

2 Months

3 Years

4 Days

77 through 78 Test Cyele, Retest Number (R-), or
multiple of similar failure.
80 Program Data Sct

0 Program 1

1 Program Z

2 Program 3

Pk PR . e e
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APPENDIX B, ANALYSIS OF SOME SIMPLE
FAILURE RATE MODELS

SUMMARY AND CONCLUSIONS

The fact that empirical failure rate data appears to fit so well to a
Duane curve (i.e,, the plot of failures versus test hours appears to fit a
simple straight line on log-log paper) suggests that the test/failure process
ought to be explainable in terrms of a simple analytical model based on at
least an intuitive understanding of the process, This appendix investigates
the applicability of several such models,

results in a failure rate which is an exponential function of time, being
nearly constant initially and approaching zero after several test "time.
constants', The log-log plot of the cumulative failure rate versus test hours
for this model clearly does not fit a Duane straight line and, therefore, this
simplistic model is rejected,

The second model considered involves a simple sophistication of the
first model wherein the defect population is assumed to be distributed in
terms of probability of detection, That is, in the initial population of defects,
some are easy to detect {these are culled out of the population early in the
test cycle), and some are very difficult to detect (these become the - iminishing
source of failures later on in the test cycle), This model, evea in the ele-
mentary form considered here, produces a failure rate {failures versus hoy rs)
curve which is vulnerable to a straight line fit on log-log paper, The slope
of the cumulative failure rate curve derived from the model i3 in the sarne
range cbserved in actual ground test and in-orbit failure rate data,

———

Further sophistication of the model (e, g., in terms of defect detection
probabilily distributions, varying test effectivity, etc.) can provide further
"shaping'' of the predicted failure rato curve to more clesely match the trends
ceen in the empirical data,

It is concluded from this preliminary analysis that the Duane property 1
of empirical failure rate data can be explained in terms of a simple analytical
imodel based on an intuitive understanding of the test/failure process, The

e
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key elament of this maodel is the distribution of the defect population in terms
of probability of {or vulnerability to) detection, Further development of the
model can provide more complete correspondence with trends scen in the
empirical failure rate data,

EQUAL PROBABILITY OF DETECTION FAILURE RATE MODEL

The first model considered is similar to the one investigated by
Timmins*, Here we assume the existence of a {ixed initial population of
defects which is steadily reduced by successive test screens, The defects
all have equal probability of detection, and the test screens all have equal
effectiveness, We further assume that the failures which occur in a test
screen (interval} are a constant fraction of the remuining defects, (These
constraints on the model can be removed later, but are iinposed to keep this
first illustrative example as simple as possible}). Let Ny = the number of
defects in the initial population —_

Nk = the number of remaining defects after k test scrcens (or
intervals)

Fk = total failures (defects detected) after k test intervals,
=N, - Ny

T = time interval of each test screen

a = the fraction of the remaining defects which are detected in 2ach
test interval,

-
n

K cumulative failure rate

b

k

=

In acco 'dance with the above assumptions, the number of defects
remaining after (k + 1) test intervals is given by,

Nk-i-l:Nk'aNk:“'a)Nk

*Timmins, A, F., "A Study of Relationship Between Performance in

Systems Tests and Space', Procecdings of the Institute of Environmental
Sciences, 1975, 1,172
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The solution of this difference equation is a simple geometric
decrease of the defect population,

progression

k
N =N_ (1 - a)

which produces the following relations for FI-'. and M
] k]
Fk—N0 [l-(l-a)

MeTaNg L g K]
T L ak

(1)

Figure B-1 shows a plot of Equation | on log-lag paper for two differ-
ent values of the parameter a (which corresponds physically to test effec-
tivity;, From this plot it is clear that the model does not fit a Duane straight
line, As indicated in the figure, the implied failure rate is nearly constant
initially, and then approaches zero after many test intervals, The deficiency
stems from the assumption of equal probahility of defect detection, which
results in a relatively rapid initial depletion of the defect population, followed
by a diminishing trickle of failures from the depleted population,

A continuous-time version of the same model can be developed as

follows;
No = the initial number of defects
N{t) = the number of remaining defects after ¢ hours
F{t) = NO ~ N(t) = total failures over the interval (0, t).

Then, in accordance with the assumption that the failure rate is proportional
to the number of remaining defects,

N{t)

N (t) = -3

where, T = test effectivity time constant (a parameter characterizing test
effectivity)
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Then,

N e-t/‘r
o

N(t)

n

F{t)

No (1 - e-t/T)

and the cumulative failure rate is expressed as,

-t/T
_ F{t} _ No l-e
hpt) = - B2 [ ]

(t/T) (2)

Figure B-2 shows a plot of Equation 2 on lo
normalized quantity (t/t) is used for the time scale. Here we note the same
deficiencies (relative to a Duane fit) as geen in the discrete version cf the
model displayed in Figure B-1, That is, the initial failure rate is nearly
constant as the defect population is rapidly depleted, followed by a failure

rate which rapidly approaches zero (slope on log-log paper = ~1), This
follows irom Equation 1 since,

A () =(311-Q) for é,.) <<l
-1
6" )

We can also note that the same exponential character would be displayed even
if time is ''started" after some initial defect depletion period, since this

affects only the initial defect population number, and not the exponential
character of the ensuing failure rate curve,

g-log paper, where the

DISTRIBUTED PROBARILITY OF DETECTION FAILURE MODEL

The deficiencies (relative to a Duane fit) in the previous medel are
largely corrected by simply introducing the concept that the defects within
a given population have unequal probability of detection., Tnat is, some are
easy to detect while others are very difficult, requiring many test data

samples to detect them. This concept agrees both with the empirical facts
and our intuitive understanding of the test/failyre process,

o,

R
" .

"
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Decrease of Defect Population with Test Time

This approach is pursued mathematically by defining a defect density
function, D(v, t), which is both a function of time (since the defect population
decreases with test time) and a function of the defect vulnerability to detec.
tion, v. In this illustrative case we consider the simple density fun-tion
shown in Figure B-3, Here the defects within the population are dist..buted
in terms of vulnerability to detection between the values v = 0 (impossible to
detect) and v = 1 (easy to detect), ln this example we also assume that the
initial density is uniform; that is, the initial defect population has equal
density at all values of detection vulnerability, (Further shaping of the result-
ing failure rate curve is accomplished by introducing a different shape for
the initial density function, e.g., a Gaussian type curve},

We can therefore make the following definitions:

]

v the relative vulnerability of a defect to being detected in test

(resulting in a failare)

Div, t)

the defect density function, which, for any instant t, gives

the number of defects having test vulnerability between v and
v + Av

Di{v,0) = N, = the initial defect density {assumed constant in this
example) att = 0

N(t) = the total number of defects remaining in che population

At any instant the total number of defects remaining, N(t), is found by
integrating the density function D(v,t) over the rangev=0to v = 1, i. e,.

1

f Div, t) dv (3)
(4]

N{t)

where, for == 0,

is the total number of defects initially,

The decrease in the defect population (as a result of test actinn) is
obtained from the differential equation,

Div, t} + =% Div, 1) (4)
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where,

T = test effectiveness time-constant (a parameter of the test process),

Equation 4 states that the rate of decrease of the defect population at a parti-
cular vulnerability level, v (i, e. » the population contained in the vulnerability
range of vtc v +Av) is proportional to the test vulne rability of the defects as
well as the number of defects remaining, The solution to Equation 4, giving
the density as a function of time is then,

t
D(v, t) = D{v, 0) . e"¥T (5}

and, since for the particular case being considered, D{v, 0) = N

t
D(v, t) = N_ . eV T ()

Figure B-3 shows a ploi of Equation 6 for several values of t, iltus-
trating the resulting decrease of the defect population with test time, As
indicated, the population is depleted rapidly in the region of highest vulner-

ability, and more slowly elsewhere, according to the exponential relation
(Equation 6),

The effect of a change in test effectivity can be accounted for by
introducing one more parameter, B, defined as follows:

B= relative test effectivity

Thus, in the present case we assume a ground test period of duration t,
followed by an in-orbit operation period, The relative test effectivencss
of the in-orhit operation is taken to be 8 times the effectiveness aof ground

test, The differential equation describing defect pupulation decrease in orbit
is then,

. 37‘,

Div, t) = = B+~ D(v, t) (for t > t,) 7

which has the solution,

_vic-)- _v.t_()_ t_ - l
DPiv, t) = No I T .e T to {(fort > to) (8)

B-9




Figure B-3 shows the plot of Equation 8, illustrating the further decrease in
defect population for in-orbit operation relative test effectivity of 8 = 0. 5.

Resulting Failure Rate

The failure rate implied by the defect population model described
above is formed as follows:

N(t) = total number of remaining defects

where,

1
N(t) = f v, t) dv (N

s

Fit) = No- N({t} = total failures over the time interval {0, t)

lz{t) = Eéﬂ = cumulative failure rate

Then, alter carrying out the inte_cation in Equation 9, the cumulative failure
rate (which combines both ground test and in-orbit failures) is dete rmined to
be,

Y (t)-_-.lj.g._,_g_—-. [1-,1_"_.9_-_: {10y
z 27 3{t/t.)} %
where
s £
=1 (-t-;) for ground test (t<t )
X -

t
(—?-) -[1 + P (-tt__' 1)] in orbit {t >t}
O

Figure B-4 shows a plot of Equation 10 for the specific parameters
choscun for this example (to 7 3T, p = 0.6y, The following observations are

1-10



relative to the character of the failure rate curve and the degree of its
Duane fit,

1)  Ground Test Period. Over the ground test period the average
log-log slope of the curve is roughly -0. 4, which is-in—the—range—
of values typically used with the Duane modecl, Thus, the ground
test curve can be fit reasonably well with a Duane curve (straight
line on log-log paper) having a slope of -0. 4. Further,
"straightening' of the curve can he achicved by starting with a
different initial defect distribution function — onc that is skewed
toward lower vulnerability rather than the simple uniform 7 aitial
distribution uscd in this example.

2} In-Orbit Perjod, The portion of the curve corresponding to
in-orbit operation has a slope which varies from -0. 77 to -0, 95
over the first decade. The average slope is -0, 86 ovev the
decade, and the curve can be fit very closcly by a straight line
of that slope. This agrecs reasonably well with actual in-orbit
failure rate data {c.g., Figure 5-20) for which the average slope
for the F-1 through F-8 data is approximately -0, 75,

Moreover, the transition from ground test to in-orhit operation,
which shows up clearly in Figure 3-4 as 2 change in slope, can
also be scen in the actual data., For cxample, the -3 data
shown previously in Figure 5-4 shows a similar slope change

at launch,
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